Heat Transfer from Luminous Gas Flames in Vertical Tubes. by Saleh, Muhammad Aly.
UNIVERSITY OP LONDON
, FLAMES IN VERTICAL TXJBES '
T h e s i s  S u b m i t t e d  f o r  t h e  D e g ree  o f  D o c t o r  o f  P h i l o s o p h y  
j j i  t h e  F a c u l t y  o f  E n g i n e e r i n g  
a t  t h e  U n i v e r s i t y  o f  London
Ly
MUHAMIAJD ALY SALEH '
B.cS c 0 (Engo} Fouad  1 U n i v e r s i t y ,  G iz a  (EGYPT) 0
i  vhi\{A O/
xV.£r  p$>
L o nd o n 3 J a n u a r y  1952*
ProQuest Number: 10803893
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 10803893
Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106- 1346
ACM OWIEDGMENT i
The w r i t e r  w i s h e s  t o  e x p r e s s  h i s  g r a t i t u d e  t o  
h r*  S . R . T a i l b y ,  'P h . D . ,  A o M .I .C h e m .E . , AoR»I«Ce, f o r  
h i s  e n c o u r a g e m e n t  and  h e lp . .
C o n s i d e r a b l e  a s s i s t a n c e  was g i v e n  by  t h e  s t a f f  
o f  t h e  I n d u s t r i a l  l a b o r a t o r y  o f  t h e  N o r t h  Thames Gas 
B o a rd  a t  W atson  H o u se ,  and  p a r t i c u l a r l y  by  Mr.  R .F .Haym an 
and  Mr.  E o A . K o p a t r i c k  who showed c o n t i n u o u s  i n t e r e s t  
i n  t h e  work  and  g a v e  a d v i c e  on p r o b l e m s  o f  g a s  t e c h n i q u e *  
The w r i t e r  a l s o  w i s h e s  t o  t h a n k  t h e  members o f  
t h e  P h y s i c s  D e p t . - - o f  t h e  B r i t i s h  I r o n  & S t e e l .  R e s e a r c h  
A s s o c i a t i o n  f o r  t h e i r  a s s i s t a n c e  on r a d i a t i o n  p ro b le m s^
I n  p a r t i c u l a r  he  i s  g r a t e f u l  t o  Mr. M0W0T h r i n g  and  
Mr E o J e B u r to n  f o r  t h e i r  g e n e r o u s  a s s i s t a n c e '  a n d  a d v i c e |  
and  t o  Mr. D . $ 0N i c k o l s  and  Mr. H0J o l o H e r n e  f o r  t h e i r  
g u i d a n c e  on t h e  s t a t i s t i c a l  d e s i g n  and a n a l y s i s ^
Thanks  a r e  a l s o  due  t o  P r o f 0 D .M .N e w i t t  and  t o  
Dr* M . F i s h e n d e n  o f  t h e  I m p e r i a l  C o l l e g e  f o r  h e l p f u l  
d i s c u s s i o n s .
The v a l u a b l e  p r a c t i c a l  a s s i s t a n c e  g i v e n  by  
Mr* C .R .C h e s t e r m a n  i n  t h e  c o n s t r u c t i o n  o f  t h e  a p p a r a t u s  
i s  g r e a t l y ,  a p p r e c i a t e d * '
CONTENTS
l i s t  o f  C o n t e n t s  
l i s t  o f  Symbols  
l i s t  o f  F i g u r e s  
l i s t  of '  T a b l e s
P a g e  No
PART 1 :  
PART.11;
PART 111:
PART IV :
PARTY s
I n t r o d u c t i o n  ' -
R ev iew  o f  l i t e r a t u r e
1 1 . 1 o G e n e r a l  
1 1 * 2 .  S o o t  f o r m a t i o n
1 1 . 3  • OIX-T* a c t  e r i s t i c s  o f  D i f f u s i o n  F la m e s  
11© 4 o R a d i a t i o n  m ea su re m e n t  
l l o 5 o  T e m p e r a tu r e  m ea su re m e n t
T h e o r e t i c a l  A pproach-
1
5'
5
I I
17
21
28
A p p a r a t u s ,  C a l i b r a t i o n s  and  method o f
P r o c e d u r e
R e s u l t s , Sample  C a l c u l a t i o n s  and  S t a t i s t i c a l  
' - A n a l y s e s  54
34
39
PART VI
V . l .  T a b l e s o f  r e s u l t s
V . 2 .  Sample  c a l c u l a t i o n s  . y
V e3» S t a t i s t i c a l  a n a l y s i s  o f  r e s u l t s .
D i s c u s s i o n  o f  R e s u l t s  '
54
56
60
VI
VI
VI
-VI
VI
VI
1
2
3
4
5
6
| 5
A i r  E n t r a i m e n t -  , . by
L e n g t h  o f  v i s i b l e  f l a m e  65 -
T o t a l  h e a t  t r a n s f e r  63
T o t a l  e f f i c i e n c y  o f  t h e . s y s t e m  72
Flam e t e m p e r a t u r e  - ■ 74
F lame e m i s s i v i t y  77
V I ,  7*. H e a t  t r a n s f e r  by  r a d i a t i o n  79
: • V I ,  8 0 H e a t  t r a n s f e r  by  c o n v e c t i o n  82
PART Y l l :  Summary and c o n c l u s i o n s  85
APPENDICES: . .
A p p e n d ix  1 ,  M easu rem en t  o f  f l a m e  t e m p e r a t u r e  8 8  
and e m i s s i v i t y  by  t h e  S c h m id t  m ethod  
C o m p u ta t io n  o f  f l a m e  r a d i a t i o n  * 91 
The p r i n c i p l e s . o f  t h e .  s t a t i s t i c a l  
m e th o d s  employed* .  9 4
A p p e n d ix  2 
A p p e n d ix  3
BIBLIOGRAPHY 
TABLES OF RESULTS
98
S - l
LIST OF SYMBOLS
L = l e n g th ,  ( h e i g h t )  o f  t h e  h e a t i n g  t u b e ,  f t *  
p  g a s  p r e s s u r e  b e f o r e  j e t ,  i n c h e s  wog 0 
J  = j e t - d i a m e t e r , i n c h e s 0 •
S = d i s t a n c e  s e p a r a t i n g  t h e  j e t  f ro m  t h e  l o w e r  end o f  t h e  
h e a t i n g  t u b e ,  i n c h e s ,
Q = r a t e  o f  a i r  e n t r a i n e d , . c u 0f t » / h r 0
X = l e n g t h '  o f  t h e  v i s i b l e  f l a m e ,  i n c h e s 0
H = r a t e  o f  h e a t  t r a n s f e r  t o  c a l o r i m e t e r  I o , ( x ) ,  ■
K . c a i s  , / h r  c / f t  o ,
Ed -  ' P e r  c e n t  r a d i a n t . e f f i c i e n c y  o f  t h e  f l a m e  b a s e d  on
I  t h e  t o t a l  h e a t  i n p u t  ( i * e 0 on t h e  n e t  CoV<?of t h e  gae ) .
E-p = p e r c e n t  r a d i a n t  e f f i c i e n c y  o f  t h e  f l a m e  b a s e d ’ on 
0  t h e  t o t a l  h e a t  o u t p u t*
= r a t e  o f  h e a t  t r a n s f e r  by  c o n v e c t i o n .  Kcc a l s 0/ h i % / f 1 0. conv  o Tr -1 / 9 io r  K o c a l s  c / m ^ . h r  e
) . . ■ o r  B .T h*T T . / f t  . h r 0
= c o e f f i c i e n t  o f  h e a t  t r a n s f e r  by  c o n v e c t i o n ,
B . T h . U . / t o . f t 2 . ' 3?
Q-^  = radiation from a cylinder of the flame 2” diama, 6,?high
? w i t h  i t s  c e n t r e  a t  ? i c h e s  f r o m ' t h e  b a s e  o f  t h e  h e a t i n g
tube, EhcalSo/hr0
Q-n = r a d i a t i o n  o u t p u t  t o  c a l o r i m e t e r  E o 0x ,  E 0c a l s . / h r o
. c a l o r .  x« ; '
R1  = r e a d i n g  o f  r a d i a t i o n  p y r o m e t e r  when s i g h t e d  on t h e
f l a m e  a l o n e ,  mPv»
E p - i  ~ r e a d i n g  o f  r a d i a t i o n  p y r o m e t e r  when s i g h t e d  on t h e  
~ f l a m e  w i t h  t h e  b l a c k  body  t a r g e t  b e h i n d  i t  a t
t e m p e r a t u r e  T-, 3 mav 9 ; 1
Tn = l o w e r  t e m p e r a t u r e  o f - t h e  b l a c k  bod y  t a r g e t  e x p r e s s e d
a s  t h e  f u n c t i o n  ( 6 " T ^ ) ? c a l s * / c n u  2/ s e c 0 
Rp n ~ r e a d i n g  o f  r a d i a t i o n  p y r o m e t e r  when s i g h t e d  on  t h e
f l a r e  w i t h  t h e  b l a c k  bod y  t a r g e t  b e h i n d  i t  a t  
temperature T.^ ? m 0v«
T2 = h i g h e r  t e m p e r a t u r e  o f  t h e  b l a c k  body  t a r g e t  e x p r e s s e d
a s  t h e  f u n c t i o n  c a l s 0/ c m . 2/ s e c 0
R* a= r e a d i n g  o f  r a d i a t i o n  p y r o m e t e r  when s i g h t e d  on  t h e
. b l a c k  body  t a r g e t  a l o n e ,  m0v .
' 1 IST  0F FIGIffiBS OpEo s i t e _ P a g e _ N o „
PIG* 1 V e r t i c a l  M u l t i - t u b u l a r  G a s - H e a te d  B o i l e r s  . . .  2
s ( p i c t u r e )
PIG*, 2 D i f f u s i o n  f l a m e s      18
BIG. 3 ( a , b , c )  A p p a r a t u s  ( p i c t u r e s )  . . . . . . . . . . ...............  39
BIGr 4 A p p a r a t u s  . . . ..........................................................    39
BIG. 5 One c a l o r i m e t e r  u n i t  ............................................. . . ........... 39
BIG. 6 Gas and W ate r  ' s y s t e m s  . . . » .................................. -40
BIG. 7 Gas j e t s   .................................................     41
BIG. 8  A i r  s y s t e m          42.
BIG. 9 .  B l a c k  body  f u r n a c e   ................................     42
BIG. 10 T o t a l  r a d i a t i o n  p y r o m e t e r   ........................................ 4 4
BIG. 11 S u c t i o n  p y r o m e t e r      43
BIG. 12 C a l i b r a t i o n  o f  t h e  r a d i a t i o n  p y r o m e t e r     49
BIG. 13 D e t e r m i n a t i o n  o f  f l a m e  t e m p e r a t u r e  and  e m i s s i v i t y
by  t h e  S ch m id t  m ethod  f o r  e x p t i  *No#49 ■ .....................  57
BIG. 14 E n t r a i n e d  and e x c e s s  a i r  v s 1 , P , J  & S .   ..................  59
BIG. 15 L e n g t h  o f  v i s i b l e  f l a m e 'V #  L PP , J  & S* ........................^gg
B I G . I 6 ( a , b )  R e l a t i o n  b e t w e e n  l e n g t h  o f  t h e  v i s i b l e
f l a m e  and  a  q u a n t i t y ,  b^  momentum o f  g a s .  . . . .  . . 0 6 7
BIG. .17 T o t a l  . h e a t  t r a n s f e r  a l o n g  t h e  t u b e .   ................. . . . . . 7 2
BIG. 18 T o t a l  h e a t  t r a n s f e r  v ,> L ,P ,J  & S» ........................... . .  ga
BIG. 19 T o t a l  e f f i c i e n c y  o f  t h e  s y s t e m  v , L , P . J  & S ® ................ .7 3 .
BIG. 20 . D i s t r i b u t i o n  o f  f l a m e . t e m p e r a t u r e  a l& ng  t h e
tu b d p  '      75
BIG. 21 Blame t e m p e r a t u r e  v® L , P , J  & S .   ............................. 75
BIG. 22 D i s t r i b u t i o n  o f  f l a m e  e m i s s i v i t y  a l o n g  t h e  .
t u b 60  * * • * • • * • • • • * • • » • » • » * ♦ * » • * » » » » . « . . . .  7 7
BIG. 23 Blame t e m i s s i v i t y  v* L , P ?J ,&  S*  ..........................  7 3
BIG. 24 Blame r a d i a t i o n  v 0 L , P , J  & S .   ............................   79
BIG., 25 R a d i a n t  e f f i c i e n c y  o f  t h e  f l a m e  v < ,L ,P ,J r&S. # * 82
BIG. 26 Hoonv Vc L , P , J    82
BIG. 27 ^ GOn* L   83
BIG. 28 H e a t  t r a n s f e r  by  n a t u r a l  c o n v e c t i o n #   ...................  3 4
BIG. 29 , The o r i g i n a l  S ch m id t  a r r a n g e m e n t .  v ....................... qq
BIG. 30 O p t i c a l  a l i g n m e n t  o f  t h e  sy s te m *  9 1
P age  No.
LIST.OB TABLES --------------
T a b le  .1 ; F a c t o r i a l  D e s i g n  o f  E x p e r i m e n t s  * ..........  3 - 1
T a b le  2 * A i r , G a s  and  F l a m e - l e n g t h  m e a s u r e m e n ts  ••  3 - 2
T a b le  3 : E m i s s i v . , Temp.,  and  R a d i a t i o n  m e a s u r e m e n t s S - 3  
T a b le  4 : R a t e  and  Temp*, o f  W a te r  i n  C a l o r i m e t e r s  . . 3 - 2 1  
T a b le  5 : H e a t  i n p u t s  an d  H e a t  & R a d i a - t i o n - o u t p u t s  . . 3 - 2 2
T a b le  6 : H e a t  t r a n s f e r  by  c o n v e c t i o n  *.................... 3 - 2 6  ,
T a b le  7 : Summary o f  r e s u l t s  ( s t a t i s t i c a l  a n a l y s e s ) . *3-27
T a b le  8  : S t a t i s t i c a l  anei lysAs f o r  t h e  f l a m e  l e n g t h .  . S - 2 8 ' ( © p p . p . 6 0 )
, P A R T I -
INTRODUCTION' a .
The work which i s  the subject of th is  th e s is  was in i t ia te d  to meet 
the need fo r  data w h ic ly w ill h elp  to  put cn to  a s c ie n t i f i c  b a s is  the 
design  of the system  in  which town, gas burns in  a tubea Such systems 
are freq u en tly  used in  industry  when f u e l  gas i s  used fo r  heating  
purposes® The tube may be h o r izo n ta l or v e r t ic a l ,  the flame aera/ted 
or non-aerated, the draught natural, forced  or induced, the medium 
surrounding the tube liq u id  or gaseous* ,
In  such a system heat i s  obviou sly  tran sferred  on the flame s id e , 
by convection , flame ra d ia tio n  and gas ra d ia tio n , the b a sic  p r in c ip le s  
of which are fo r  the most part w e ll understood® There i s ,  however, 
l i t t l e  knowledge concerning the values to  be given to the various  
parameters in  the equations rep resen tin g  th ese  types of heat tra n sfer  
under the p a r ticu la r  con d ition s of th is  system , w ith  the r e s u lt  th at  
design  in  th is  connection i s  s t i l l  purely em pirical,,
An attempt has th erefore been made in  the work here described to  
e lu c id a te  th is  problem* The p a r ticu la r  system chosen i s  th at in  which 
there are few est independent v a r ia b le s; th is  s im p lif ie s  the experim ental 
work, but sin ce  the v a r ia b les  are la r g e ly  interdependent, makes the 
an a ly sis  of the r e s u lt s  more complex* P o ss ib ly  fo r  th is  reason th is  
system has not p rev iou sly  been subjected  to a d e ta iled  analysis®

~-2~
The chosen system  i s  th a t  in  -which n o n -ae ra ted  town g as, is s u in g  
from a c i r c u l a r  j e t ,  hum s, in  a v e r t i c a l  tube under n a tu ra l  d raugh t 
co n d itio n sa  J e t  and tube a re  c o a x ia l ,  and the  w a lls  of th e  tube are  
surrounded by w a te r . I n  th i s  c a se , the  a i r  n ecessa ry  f o r  com bustion 
i s  e n tra in e d  around the  b u rn ing  gas stream  and mixes w ith  i t  p u re ly  by 
d i f f u s io n .  This i s  th e  b a s ic  arrangem ent used in  the  m a jo r ity  of 
town-gas h ea ted  steam  and. h o t w a te r b o i l e r s .
P ig . I  i s  a photograph of a ty p ic a l  v e r t i c a l  m u lt i tu b u la r  steam 
b o i l e r  c o n s tru c te d  and h eated  as d e sc r ib e d . I t  i s  c l e a r  th a t  w ith  the  
v e r t i c a l  tu b e , d raught i s  governed m ainly by th e  tube h e ig h t and i s  
thus a dependent v a r ia b le .  S im ila r ly , the d raught i s  governed by the  
f lu e  h e ig h t in  the case of a no n -aera ted  gas f i r i n g  in  a -h o r iz o n ta l  tube 
f i t t e d  w ith  a v e r t i c a l  f l u e .
In  o th e r in d u s t r i a l  h e a tin g  problems i t  i s  more u su a l to  use 
a e ra te d  b u rn e rs . I n  th i s  c a se , th e  a i r  in ta k e  to  the system  i s  
la r g e ly  an independent v a r ia b le ,  e s p e c ia l ly  i f  the  tube i s  h o r iz o n ta l  
and th e re fo re  has no f lu e  effect* ,
The d e s ig n e r  w i l l  w ish to  know:-
(a )  The t o t a l  therm al e f f ic ie n c y  to  be expec ted .
(b) The p ro p o r tio n s  of h e a t t r a n s f e r r e d  by r a d ia t io n  and by 
co n v ec tio n .
(c ) The d i s t r ib u t io n  of h e a t t r a n s f e r  along th e  tu b e . Knowledge 
of th i s  would, f o r  exam ple, g ive  c o n tro l  of su p erh ea t in  steam  
b o i l e r s .  -
(d) The amount of a i r  en tra ined , and, the  e f f e c t  of th i s  on th e  
flam e and h e a t r e le a s e .  This i s  a fu n c tio n  of tube h e ig h t ,  
tube d iam e te r, tem pera tu re  of th e  gas column in  the tube and 
k in e t ic  energy of the  gas le a v in g  the  b u rn e r j e t .
(e )  The maximum and the  optimum amounts of gas t h a t  can be 
burned in  a g iv en  tu b e . These q u a n t i t ie s  are  of course  
not n e c e s s a r i ly  id e n t i c a l .
( f )  The e f f e c t . on h e a t t r a n s f e r  and on th e  n o ise  produced, of 
p ro v id ing  s p e c ia l  e n try  and e x i t  shap es . I n  th i s  c o n n ec tio n  .
■ i t  should be mentioned th a t  th e  use of. p ro p r ie ta ry  s p e c ia l  
shapes of tu b e , o r of tu rb u len c e  promoters, in  th e  tubes i s  
known to  improve therm al e f f ic ie n c y .
No p rev ious p u b lish ed  work on th i s  system  b e in g  a v a i la b le ,  i t  
seemed b e s t  to  p lan  a b road  in v e s t ig a t io n  of the  e f f e c t  of f o u r  
f a c to r s  upon th e  f i r s t  fo u r  of th e  item s l i s t e d  above, from  which some 
guidance on th e  f i f t h  item  m ight w e ll be o b ta in ed . The fo u r  f a c to r s  
chosen w ere-the  tube le n g th , the  gas p re s s u re , th e  j e t  d iam eter and th e  
se p a ra tin g  d is ta n c e  between the  j e t  and th e  base of the  tu b e . Such a 
'programme would aim a t  p ro v id in g  the  maximum a s s is ta n c e  to  th e  d e s ig n e r  
and in d ic a te  those  a sp ec ts  of the  problem  upon which fu tu re , work m ight 
most p r o f i ta b ly  c o n c e n tra te .
While the  d e s ig n e r can c a lc u la te  th e  h e a t t r a n s f e r  by co n v ec tio n  
and th e  non-lum inous r a d ia t io n  from  th e  com bustion p ro d u c ts  of a flam e
w ith  c o n s id e ra b le  accu racy , he does not p o ssess  any c le a r  o r d e ta i le d
/  ■
in fo rm atio n  about luminous r a d ia t io n ,  which p lays a prom inent p a r t  in
th e  h e a t t r a n s f e r  ta k in g  p lace  in  th e  type  of system  we a re  in v e s t ig a tin g *  
I t  has th e re fo re  been n ecessa ry  to  ,give c o n s id e ra b le  a t t e n t io n  to  
d e te rm in a tio n s  of flam e tem p era tu res  and e m is s iv i t ie s  which are  unknown 
in  th i s  system . We a lso  do no t know the e f f e c t  on them of such 
v a r ia b le s  as f u e l  p re s su re , tube le n g th ,a n d  d iam e te r , j e t  d ia m e te r , and 
the  d is ta n c e  between th e  j e t  and th e  base  of th e  tu b e . I t  i s  d e s ir a b le  
to  be ab le  to  g ive th e  d e s ig n e r ex ac t in fo rm a tio n  on the  d i s t r i b u t io n  of 
tem pera tu re  and e m is s iv ity  in  d i f f e r e n t  p a r ts  of h is  flam e under g iven  
c o n d it io n s .
The next p a r t  of t h i s  th e s is  w i l l  rev iew  th e  p re v io u s  work and 
th e o r e t i c a l  background, on the  s u b je c t .  P a r t  I I I  fo llo w s  d e sc r ib in g  
the  t h e o r e t i c a l  approach b e a r in g  on th e  l i t e r a t u r e  rev iew  and le ad in g  
to  the p lan  of work and design  of ap p ara tu s  (adopted . P a r t  IV d e sc r ib e s
th i s  ap p ara tu s  to g e th e r  w ith  the  ex p erim en ta l m ethod. F in a l ly  the  
r e s u l t s  o b ta in ed  and th e  co n c lu sio n s  drawn are  s e t  o u t.
, w n m  Ok LIT^RATUH5
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Work on t o t a l  and r a d ia n t  h e a t  t r a n s f e r  from no.n- 
a e r a t e d  d i f f u s i o n  gas  f lam es  can 'be c l a s s i f i e d  under the  
f o l l o w i n g  h ea d in g s
11*1. General  h e a t  t r a n s f e r  i n ,  and t o t a l  e f f i c i e n c y  o f ,  
system s u t i l i s i n g  d i f f u s i o n  f l a k e s .
1 1 . 2 .  T h e o r ie s  and exp er im en ts  on s o o t ' f o r m a t i o n .
1 1 . 3 .  C h a r a c t e r i s t i c s  o f  d i f f u s i o n  f la k e s . .
1 1 . 4 .  R a d ia t io n  measurements.'
1 1 . 5 .  Temperature measurements.
1 1 . 1 .  G en er a ls •'
I t  i s  d o u b t f u l  i f  i t  i s  p o s s i b l e  t o  s t a t e  p r e c i s e l y  
when a p p l i c a t i o n  was f i r s t  made-of  a  n o n -a e r a te d  d i f f u s l o  n 
gas  flame f i r i n g  i n  a tu b e .  In  such a  s y s t e m ,  t h e  a i r  
n e c e s s a r y  f o r  com b ust ion  i s  e n t r a i n e d  between th e  gas  s tream  
and th e  w a l l s  o f  th e  h e a t i n g  t u b e ,  and i s  c o n t r o l l e d  by f a c t o  r 
among which are  th e  d im ens ion s  o f  the  tube  , th e  d i a m e t e r  o f  
j e t  and the  k i n e t i c  energy* o f  t h e  in g o i n g  g a s .  The s i m p l i c i t y  
of  th e  sy s tem  has  l e d  to  i t s  w idesp read  and l o n g - e s t a b l i s h e d  
u se  i n  gas mmiiersion tube  h e a t i n g .  I t  has  been im p o s s i b l e  
to  t r a c e  any r e c o rd  o f  s c i e n t i f i c  t e c h n iq u e s  c o n n e c te d  w i t h  
t h i s  s u b j e c t  b e f o r e  t h e  p r e s e n t  c e n t u r y .  Rren d u r in g  t h i s  
century  very l i t t l e  r e l e v a n t  work has  been  r e p o r t e d , and most
- o -
o f  t h i s  i s  in  a s s o c i a t e d  s u b j e c t s  such as  h e a t  t r a n s f e r ,
combustion and fuels'* '
Many i n v e s t i g a t i o n s  c a r r i e d  out dur ing  th e  l a s t  t h r e e
decades  re  re d i r e c t l y  p r a c t i c a l  and were in te n d e d  ma i n l y  to
p ro v id e  data  f o r  che e r e c t i o n  and u t i l i s a t i o n  o f  gas immersion
h e a t i n g  u n i t s*  The work o f  th e  American Gas A s s o c i a t i o n  i n  
1 5 
1944 , a l th ou gh  mainly c o n c e n t r a t i n g  on a e r a t e d  b u r n e r s ,
i n v e s t i g a t e d  the  f a c t o r s  go v ern in g  h ea t  t r a n s f e r  in  sys tem s
s i m i l a r  t o  t h o s e . v ; i th  which  \ ; e  a re .  c o n c e r n e d  h e r e . '  - I t  was
conc luded  th a t  among t h e s e  f a c t o r s  are d i l u t i o n  o f  f l u e ' g a s ,
d i a m e t e r  o f  immers ion  tu b e  ? l e n g t h  o f  t u b e  , and. s i z e ' a n d
t y p e  o f  b u r n e r .  As a r e s u l t  o f  t h i s  w o r k  a  c h i a  was made
th a t  th e  l e n g t h  o f  im m e r s io n ' tu b e 'r e q u ir e d  f o r  a predeterm ined
h e a t  inpu t, and t hermal ' e f f i c i e n c y  cou ld  be c a l c u l a t e d  from th e
■ fo l low in g  e m p ir i c a l  r e l a t i o n s
2
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where R r thermal e f f i c i e n c y  per  cent
R s i n p u t  r a t e ,  1 , 0 0 0  R . T h .U . / h r o
L b: e f f e c t i v e  l e n g t h  o f  cube ,  f t .
s '  longi:h o f  the tube a t  i t s  c e n t r e  l i n e  p l u s  1 . 1  f t *
o -f o r  e ach  90 elbo- - o r  r e t u r n ,  b e n t  „
T h i s  ■ e q u a t i o n  c an n o t  be s a f e l y  a p p l i e d  o u t s i d e  t h e
6 0 -8 5 $  e f f i c i e n c y  range used in the  ex p e r im en ts .
'■Many .formulae have been d e v e lop ed  to  a s s e s s  the  amount 
o f  h e a t  l o s t  in  the  f l u e  g a s e s  fre.& a kno-. l e d g e  o f  f l u e  gas
\ X-
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y s i s  and oe-.opera’cure  ms a  check  o f  t h e  "balance oe t / .een  
h e a t  i n p u t  and O u tp u t .  They a r e  a l l  e a s i l y  f o r m u l a t e d ,  a r e  
o f  th e  same form and  t h e i r  a c c u r a c y  i n v a r i a b l y  depen d s  upon
i
t h e  a cc u ra c y  o f  measurement  o f  t h e  t e m p e r a t u r e  o f  t h e  f l u e
z
gases*  A t y p i c a l  example  i s s
P lu e  l o s s  $  r  ( 1 0 0  hs-z 4  1 0 0  s ^ ^ + ( s-^-sg) a t  -4 3 3>!t + l b  
v/n e r e :
a zz GOt p r o d u c e d  oy cc.mous fcicn . . . . . . . . .  cu. i  t  . f e u .  f  o • o f  gas
' bu rned
b a 11^0 vap ou r  p r o d u c e d  by co m b u s t io n  . . .  u 11 n V  11
h -  11 ” . i n  'corabus t i  ~n a i r   ....................  cu .  f t  , / c u .  f  t .  o f  a i r*"* P
' • \
x = P e r c e n t a g e  o f  C0? in  f l u e  gas  (on  a dry b a s i s ,  a s
o r d i n a r i l y ' m easu red )  0 
3. r  mean . s p e c i f i c  heaG cm GO . . . . . . .  ... . 1.  , h . U/ ( cu.  f  t . ) ( 1)
" . " « 11 a i r  ............. B . t h .  0 / ( c u . f : .  ) (°P)
" •" " H o x y a p o u r -  l . T h . U / (  cu.  f  b . ) (°P)il W U°3=
t  r T em p eratu re  d i f f e r e n c e  between f l u e  gases  and  room a i r * . UP
1 — latCiio  neat; o f  condenoa i-ion o f  . a t e r  ■/tupour c v o. roOui
temperature . . . . . .  L. Th. U /cu .  f  t .
The above e q u a t io n  was used in t h i s  i n v e s t i g a t i o n .
. .  n 3
l e  Malherbe i n v e s c i g a t e d  t i e  e f f e c t s  o f  p or t  d iam eter
and gas consumption on the  r a d i a t i o n ' e f f i c i e n c y  o f  town gas
d i f f u s i o n  f±am,es. He, d i v i d e d  h i s  f lam es  i n t o  three  t y p e s ,
( . . >
v i z . :  d i f f u s i o n ,  t u r b u l e n t  and t r a n s i t i o n *  Por 1 d i f f u s i o n 1 
frames he found' chat r a d i a t i o n  e f f i c i e n c y  in c r e a s e d  w ith  
i n c r e a s e  i n  j e t  d ia m e te r ,  out d i d  not  Vary w i t h  gas consumption^ 
P a s s i n g  through t r a n s i t i o h  fa-ames'he found SL d e c r e a se  in- 
ra d ia n t  e f f i c i e n c y  w h ich ,  he su gges  t e d , w a s  due to  buoyancy
- 8 -
f c r c e s  a f f e c t i n g . t h e  f l a m e - l e n g t h .  Por tu r b u le n t  f lam es  
he found t h a t  radiant e f f i c i e n c y  a g a in  i n c r e a s e d  w i t h  
i n c r e a s e  in  j e t  d ia m e t e r ,  but d id  not Vaiy w ith  gas  
consumption.  ■
4 .
Thring , 'crying p r im a r i ly  t o  c a l c u l a t e  tem p eratures
o f  s lo w ly  burn ing  frames a lo n g  t h e i r  l e n g t h s ,  made a number
o f  assum p tion s .  He assumed' th a t  the  gas i s  burn ing  at a
uniform  r a te  as  a c y l i n d r i c a l  or c o n i c a l  f lame t r a n s f e r r i n g
'heat by c o n v e c t io n  or r a d i a t i o n  to  surroundings  at  c o n s ta n ti
tem peratures  w i t h  c o n s ta n t  s p e c i f i c  h e a t s  o f  f u e l  and 
combustion p r o d u c t s ,  and w ith  known h e a t  t r a n s f e r  c o e f f i c i e n t s .  
He concluded th a t  che course  o f  the  f lame tem perature  can be . 
c h a r a c t e r i s e d  by d i m e n s i o n le s s  param eters  e x p r e s s i n g  the  
r i c h n e s s  o f  the  f u e l ,  the r e l a t i v e  r a t e s  o f  combustion and 
h e a t  t r a n s f e r ,  t h e  r a t i o  o f  the a b s o l u t e  tem p era tu res  o f  
the  h e a t  s in k  and p f  a d i a b a t i c  combustibn and the mechanism 
o f  h e a t  t r a n s f e r .  He a l s o  m a in t a in e d . th a t  the  tem perature  
c o n t in u e s  to  r i s e  in  c y l i n d r i c a l '  f la m es  u n t i l  combustion i s  
complete  , but: i t  can p a s s  through a maximum and b e g i n s  to  
f a l l  in  c o n i c a l  f la m e s .
5 n
S arjant  and Hammond i n v e s t i g a t e d  th e  ^ e f f t c t  or primary
a i r  and volume , v e l o c i t y  and d i s t r i b u t i o n  o f  secondary  
s i r  on h e a t  t r a n s f e r  and e m i s s i v i t y  at  v a r io u s  d i s t a n c e s  
a lo n g  a 1 i nc he s  d ia m eter  combustion chamber surrounded by 
one -b ig  w a t e r - c a l o r i u e t e r  and f e d  by a sm a l l  m ech a n ica l
- 9 -  .
s t o k e r .  . Thqy fo u n d  t h a t ,  on the  w h o le ,  t h e  h e a t  t r a n s f e r  
o o e f f i c i e n t  and e m i s s i v i t y  i n c r e a s e d  f o r  a  dec rea se^  i n  
p e r c e n t a g e  e x c e s s  a i r ,  and t h a t  ty  i n c r e a s i n g  t h e  t u r b u l e n c e
o f  t h e  i n g o i n g  s e c o n d a r y  a i r  t h e  a i r  r a t i o  c a n b e r e d u c e d
f u e l ' .
t o  an  e f f i c i e n t  v a l u e .  • ~
S a r j a n t  and  P v a n s °  s t u d i e d  t h e  e f f e c t  on t h e  h e a t
\ ■ -
t r a n s f e r  and  p r e s s u r e  d rop  i n  a  s ^ a i l  c y l i n d r i c a l  t u b e  
c o n t a i n i n g  h o t  a i r  o r ,  a l t e r n a t i v e l y ,  com bu s t io n  p r o d u c t s  
p l u s  a  c o n t r o l l e d  amount ^ f  Carbon d io x id e ^  They f a u n d  
t h a t  i f  t h e  p a t h  o f  t h e  h o t  g a s e s  ’ a s  d e f i n e d  in .  t e r m s ’ o f  
t h e  geometry  o f  t h e  s p i  sa l  m o t i o n ,  'and  a l l o w a n c e  was made 
f o r  t h e  r a d i a t i o n  f rom  t h e  s u r f a c e  o f  t h e  p r o m o te r  t h e  
i n c r e a s e d  h e a t  t r a n s f e r  would be a  f u n c t i o n  o f  t h i s  i n c r e a s e d  
p a t h  l e n g t h  a c c o r d i n g  t o  t h e  e x p r e s s i o n :
/  / G, 8  , .wpifi <r> ■' "Tj— 0 .Q
n c = (...i) s ( j f T c V p  ) .  )
h  ” ® : p A - l bc
where
h '
c = h e a t  - t r a n s f e r ,  c o e f f i c i e n t •by c o n v e c t i o n  v ; i th0' the  promot/ w i r n u t n c 
  T h . U . / f t . / h r . P
n c r  ” w ff f o r  t h e  empty . . tubd
, t  B . T h . U . / f t . V h r . P
G ,Gr» c o r r e s p o n d i n g  muss v e l o c i t i e s  . . . 1  l b s / f t . ° / h r .
o = c i r c u m f e r e n c e  o f  t u b e  . . . .  f t *
p r  p i t c h  o f  p r o m o te r  ( l e n g t h  o f  one t u r n )  . . .  f t .
*--A. s  c r o s s - s e c t i o n a l  a r e a  o f  t u b e  . . . . . .  s q . f t .
~1 ,b z  G r o s s - s e c t i o n a l  l e n g t h  cind t h i c k n e s s  o f  p r o m o te r  . .  f t
6K ir o v  i n v e s t i g a t e d  th e  e f f e c t  of  s i m i l a r  s p i r a l  ■ 
r e t a r d e r s  on t h e  h e a t  t r a n s f e r  i n  t h e  smoke t u b e s  o f  an  
economic b o i l e r .  He fo un d  t h a t  t h e s e  r e t a r d e r s  r e s u l t  i.n 
an  improvement o f  5 -  7$ i n  t h e  o v e r a l l  b o i l e r  e f f i c i e n c y ,  
b u t  c a u s e d  a n  i n c r e a s e  i n  d r a u g h t  l o s s  o f  0*2 -  0 .5  i n c h e s  
•;/. g. He a l s o  sh ov ed  t h a t  f o r  a  s team  b o i l e r 5, t h e  o v e r a l l  
h e a t  t r a n s f e r  c o e f f i c i e n t  i s  a l m o s t  e q u a l  t o  t h e  c o n v e c t i o n  
gas filixi c o e f f i c i e n t , b u t  t h a t , w i t h  a  h o t - v c a t e r  b o i l e r  , t h e  
w a t e r  f i l m  c o e f f i c i e n t  r e d u c e s  t h e  o v e r a l l  c o e f f i c i e n t  
c o n s i d e r a b l y  r e s u l t i n g  i n  a  r e d u c t i o n ,  d e p e n d in g  on t h e  h e a t '  
r a t e ,  o f  10 -  15$ i n  t h e  o v e r a l l  h e a t  e x t r a c t i o n  c a p a b i l i t i e sI
■as compared w i t h  a  s t e a ^  b o i l e r .
7
Anon and  many o t h e r s  h av e  d e s c r i b e d  v a r i o u s  f i r e - t u b e s  
o f  s p e c i a l  d e s i g n  a im in g  a t  r e d u c i n g  t h e  gas  f i l m  r e s i s t a n c e  
t o  h e a t  t r a n s f e r  i n  a  p l a i n  c i r c u l a r  t u b e  by i n c r e a s i n g  t h e  
t u r b u l e n c e  o f  the  g as  s t r e a m  and t h u s  m aking  b e t t e r  i t s  
c o n t a c t  w i t h  t h e  t u b e  w a l l s .  T h i s ,  i t  /has c l a i m e d ,  r e s u l t e d  
i n  a  r e d u c t i o n  of., t h e  o v e r a l l  t u b e  l e n g t h  f o r  t h e  same r a t e  
o f  h e a t  t r a n s f e r .
- 11-
11*2.  Soot  i n  L u m in o u s ' f f lam ess •
Luminous f l a m e s  ^ o b ta i n e d  .v/hen a  s t r e a m  o f  
c o m b u s t i b l e  gas  m ee ts  a n o t h e r  o f  a i r  u n d e r  c o n d i t i o n s  such
t h a t  c o m b u s t io n  o c c u r s  , w ere  f i r s t  g iv en 7 t h e  name " D i f f u s i o n
8 .
f l a m e s "  i n  1928 by B urke  and Schumann . Theyhave  , how e v e r  , 
b e e n  known and  s t u d i e d  s i n c e  e a r l y  i n  t h e  n i n e t e e n t h  
centuxy* Hooke a n d ,  l a t e r ,  Davy were  a p p a r e n t l y  f i r s t  
r e s p o n s i b l e  f o r  t h e  i d e a  o f  t h e  a t t r i b u t i o n  o f  l u m i n o s i t y
9
t o  c a rb o n  p a r t i c l e s . ,  y I t .  was Siemens , who f i r s t  u t i l i s e d  
lu m in o u s  f l a m e s  i n  h e a t i n g  a  r e g e n e r a t i v e  g l a s s  f u r n a c e '  
where  t h e  f u e l ’ w a s 'b u r n e d  i n  a  s e p a r a t e  chamber  ard t h e n  t h e  
p r o d u c t s  o f  c o m b u s t io n  l e d  i n t o  t h e  ' f u r n a c e  t o  t r a n s f e r  
t h e i r  h e a t  t o  t h e  c h a r g e  m a in ly  by r a d i a t i o n .  S iemens 
b e l i e v e d  t h a t  ihe f lerne r a d i a t i o n  was due t o  the g lo w in g  
t i n y  c a r b o n  p a r t i c l e s  w h e re a s  h e  r a d i a t i o n  f ro m  t h e  g a s e s  
c a r r y i n g  them was p r a c t i c a l l y  n e g l i g i b l e .
I t  was g r a d u a l l y ■e s t a b l i s h e d  t h a t  a  h y d r o - c a r b o n  
f lam e  becomes lu m in o u s  when th e 'o .x y g e n  su p p ly  i s  l i m i t e d  and 
t h e  gas  t e m p e r a t u r e  h a s  ex ce ed e d  t h e  d e c o m p o s i t i o n  t e m p e r a t u r e  
o f  i t s  h y d r o c a r b o n  c o n s t i t u e n t s  w i t h o u t  co m b u s t io n  b e i n g  
p o s s i b l e ,  Carbon p a r t i c l e s  o f  s i z e s  o f  t h e ' o r d e r  o f  
0 . 0 0 0 0 1  i n c h  d i a m e t e r  a r e  t h e n  l i b e r a t e d . b y  a  c o m p l i c a t e d ’ 
p r o c e s s .  T hese  p a r t i c l e s  a b s o r b  h e a t  f rom  t h e ; s u r r o u n d i n g  
g a s e s  and  become i n c a n d e s c e n t  o r  * l u m i n o u s 1*
' 1 0 ' • '
Hummel and Veh c o n d u c t e d  a  s e r i e s  o f  expe . r im en ts  .
% " ' ' ( 
t o  i n v e s t i g a t e  t h e .  e f f e c t  o f  t h e  a i r  f a c t o r
a c t  u a l  c n '( _______ _ ____um b u s t io n  a i r )  9 a i r  p r e h e a t ,  ga s  p r e h e a t ,
. t h e o r e t i c a l  '
methane  c o n t e n t  o f  t h e  g a s ,  and c o n te n t  o f  heavy
h y d r o c a r b o n s  i n  t h e  gas , on t h e  c o n n e c t i o n  be tw ee n  t h e
h y d r o c a r b o n  r e a c t i o n  and t h e  l u m in e s c e n c e  o f  f l a m e s  o f
h y d r o c a r b o n - c o n t a i n i n g  gases*  T h e i r  work was b a s e d  on
11 1 ■e x p e r im e n t s ,  by B i s h e r  on f o r m a t i o n  o f  o i l y  heavy  h y d r o c a r b o n s
0 ioby h e a t i n g  m ethane  to  a b o u t  1100 0 and by B o e t t c h e r  who
. r
examined p h o t o m e t r i c a l l y  t h e  i l l u m i n a t i n g  power  o f  t h e  f l am e  
i n  t h e  c o n v e r s i o n  of  ^ e t h a n e  i n  a  p r e h e a t i n g  f u r n a c e *  Hummel 
and  Veh c o n c lu d e d  t h a t  when^heavy h y d r o c a r b o n s  a r e  b u r n e d  
w i t h  i n s u f f i c i e n t  a i r  t h e i r  m o l e c u l e s  c r a c k  o f f  h y d r o g e n  
a tom s which  b u rn  wi t h  t h e  oxygen o f  the a i r  t c  w a t e r  v a p o u r  
by means o f  c h a i n  r e a c t i o n s  w i t h  a  v e ry  h i g h  h e a t  r e l e a s e .
Hew and l a r g e r  m o l e c u l e s  a r e  t h e n  form ed by a d h e s i o n  o f  p a i r s  
o f  r e s i d u a l  h y d r o c a r b o n  m o l e c u l e s .  The n e w  m o le cu le s  i n  
t h e i r  t u r n  s p l i t  o f f ' a t o m i c  h y d r o g e n 9 t h e  p r o c e s s  b e i n g  
r e p e a t e d  u n t i l  c a r b o n  * s k e l e t o n s ’ (heavy  h y d r o c a r b o n s  o f  h i g h  
c a r b o n  c o n t e n t ) fo rm  and g iv e  r i s e  to- s u b l i m a t i o n  o f  s o l i d  
c a rb o n  s t r u c t u r e s ,  w h ic h * u n d e r  t h e - h e a t  r e l e a s e d  by t h e  
c o m b u s t ion  o f  t h e  h y d r o g e n  become i n c a n d e s c e n t .  T h ese  " 
s k e l e t o n s  t h e n  e i t h e r  b u rn  away i f  th e -o x y g e n  su p p ly  c o n t i n u e s  
o r  c o o l  o f f  and  form s o o t  , w h i l s t  any u n b u rn e d  v a p o u ro u s  
h y d r o c a r b o n s  c o n dense  and make t h e  s o o t  o i l y .
E x p e r i m e n t s  and “t h e o r i e s ' b y  Hummel, Veh, P i  she r  ,
B e r t h e l c t  a n d - B o e t t c h e r  a s  d e s c r i b e d  above r e p r e s e n t  t h e
v iew s  o f  t h o s e  who f a v o u r  the  1 p o l y m e r i s a t i o n *  t h e o r y  a s
t h e  c au se  o f  l u m i n o s i t y  *
The f o x i d a t i o n *  t h e o r y  o f f e r s  a  r i v a l  e x p l a n a t i o n
o f  l u m i n o s i t y .  G aseous  h y d r o c a r b o n s  add oxygen f o r m in g
p e r o x i d e s  ( - G  ^ O - ) ,  T h ese  th e n  s p l i t  g i v i n g  r i s e  to  
. \  /  ■ •
f r e e  r a d i c a l s  and  c o n s e q u e n t  c h a i n  p o l y m e r i s a t i o n  r e s u l t i n g  
i n  h e a v i e r  h y d r o c a r b o n s , .  The l a t t e r e r a c k  and  form c a r b o n .
I t  i s  however  d o u b t f u l l  i f  the. co m b u s t io n  t im e  i s  l o n g  enough 
f o r  t h e  p o l y m e r i s a t i o n  t o  o c c u r  t h r p u g h  t h e '  f o r m a t i o n  of
p e r o x i d e . •
A t h i r d ,  t h o u g h  much l e s s  a c c e p t e d ,  t h e o r y  i s  t h e  
A c e t y l e n e - r a d i c a l * ,  t h e o r y :  Whereby a c e t y l e n e  r a d i c a l s
a r e  p o l y m e r i s e d  i n t o  h e a v i e r  c a r b o n - e n r i c h e d  h y d r o c a r b o n s  
t h a t  w i l l  e v e n t u a l l y  c r a c k  g i v i n g  ca,rbon or  soo t*  E v id e n c e  
o f  th e  p r e s e n c e  o f  a c e t y l e n e  i n  s u f f i c i e n t  q u a n t i t y  t o  s u p p o r t  
t h i s  t h e o r y  i s ,  how ever  , l a c k i n g e , •
j 3 '
Gaydon “ d i s c u s s e d  t h e  p o t e n t i a l i t i e s  o f  b o t h  t h e
o x i d a t i o n  -and th e  a c e t y l e n e  t h e o r i e s .  '
; 1 4P a r k e r  an d  Wolf  hard .  , f ro m  e x a m i n a t i o n  o f  t h e
a b s o r b t i o n  s p e c t r u m  o f  h y d r o c a r b o n s  d u r i n g  p y r o l y s i s ,  have
p u t  two a l t e r n a t i v e  s u g g e s t i o n s  c o n c e r n i n g  low p r e s s u r e  l i m i t s
o f  c a r b o n  f o r m a t i o n .  One i s  t h a t  p y r o l y s i s  r e s u l t s  i n
h e a v i e r  and  h e a v i e r  h y d r o c a r b o n s  u n t i l  t h e  s a t u r a t i o n  v a p o u r
- 14 -
p r e s s u r e  i s  r e a c h e d  when f i n e  d r o p l e t s  s t a r t  t o  c o n d e n s e ,  
G r a p h i t e  n u c l e i  i n  t h e s e  “b u i l d  up g r a d u a l l y  i n t o  g r a p h i t e  
c r y s t a l l i t e s  e l e m i n a t i n g  h y d r o g e n  a l l  t h e  t im e .  A l t e r n a t i v e l y ,  
p y r o l y s i s  o f  h y d r o c a r b o n s  r e s u l t s  i n  l a r g e  u n s t a b l e  
m o le c u l e s  w i t h i n  w h ich  g r a p h i t e  n u c l e i  a r e  s p o n t a n e o u s l y  
fo rm ed .  T h ese  t h e n  g r a p h i t i z e  u n d e r  f a v o u r a b l e  c o n d i t i o n s  
a t  h i g h  t e m p e r a t u r e s .
15 .W i l l i a m s - G a r d n e r  i n  1925 r e v i e w e d  work' on t h e r m a l
d e c o m p o s i t i o n  o f  h y d r o c a r b o n s .  From t h a t  a n d  froxxx h i s  work
he  c o n c lu d e d  t h a t  t h e r m a l  d e c o m p o s i t i o n  o f  e t h a n e  d e p en d s  upon
t h e  d e c o m p o s i t i o n  o f  a  p a r a f f i n  t o  fo rm  a  l o w e r  p a r a f f i n  a h d  .
qji t.0 l e f i n .  T h u s ,  e t h a n e  g iv e s ,  m ethane  p l u s  e t h y l e n e .  The ■
fo rm er  i s  s t a b l e  a t  low t e m p e r a t u r e s ,  b u t  y i e l d s  c a r b o n  and
h y d ro g en  a t  h i g h  t e m p e r a t u r e s ,  w h i l e  t h e  e t h y l e n e  fo rm ed
shows a t  f i r s t  a  s t r o n g  t e n d e n c y  a t  750°C t o  g iv e  a c e t y l e n e  , ✓
t h e  c o n s i d e r a b l e  p a r t  o f  which  d e h y d r o g e n a t e s  and  p o l y m e r i z e s
to  b e n z e n e , an d  l a t e r  s u f f e r s  d i s r u p t i o n  o f  the  m o le c u le
y i e l d i n g  c a r b o n ,  h y d ro g e n  and some m ethane . ,
_ 15
S ch ack  m aking  some a s s u m p t i o n s  c o n c e r n i n g  t h e  sh ap e  
and s i z e  o f  the  t o o t  p a r t i c l e s  p r o v e d  th a t  t h e  maxixxium 
t e m p e r a t u r e  d i f f e r e n c e  b e tw een  t h e i r  t e m p e r a t u r e •and  t h e  r e a l  
f lam e  t e m p e r a t u r e  i s  1°C o r  p r a c t i c a l l y  e q u a l  t o  z e r o .  He 
m a i n t a i n e d  t h a t  t h e  a b s o r p t i o n  law i s  a p p l i c a b l e  t o  t h e  s o o t  
s u s p e n s i o n ,  and  t h a t  the a b s o r p t i o n  c o e f f i c i e n t  o f  s c o t
. *
/ . *
v a r i e s  i n  the  i n f r a  r e d  r e g i o n  r o u g h ly  p r o p o r t i o n a l  t o  v . O S
A
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He a l s o  assumed th a t  so o t  p r e c i p i t a t e d  out o f  i l a m e s  behaves
very  s i m i l a r l y  t o  t h e  s o o t  su s p e n d e d  i n  t h e  f l a m e s  a n d . t h a t
so o t  o f  v a r io u s  o r i g i n s  h a s  approxim ate ly  th e  same p r o p e r t i e s .
17H o t t e l  & Broughton m ain ta in ed  th a t  the  a b s o r p t io n  c o e f f i c i e n t  
i s  p r o p o r t i o n a l  t o  V \ 0 » 9 5  in  th e  i n f r a - r e d  and t o  V  1 .3 9
A A
in  the  v i s i b l e  p a r t  o f  th e  f lame spectrum.
The e f f e c t  o f  th e  s i z e  and c o n c e n t r a t i o n  o f  carbon
p a r t i c l e s  on the a b s o r p t io n  c o e f f i c i e n t  h a s  a l s o  been s t u d ie d .
-Lindmark , , a n d , o t h e r s ,  a s su m in g  t h a t  t h e  s o o t  c a r b o n
p a r t i c l e s  in  a luminous f lame are s p h e r i c a l  w i th  c o n s ta n t
r a d i u s  and  e v e n ly  d i s t r i b u t e d  t h r o u g h o u t  t h e  gas p u t  t h e
* a n g l e  c o e f f i c i e n t 5 o r  ( e m i s s i v i t y  x  shape ' f a c t o r )  o f  a  f l a m e
„_3 v r  '
o f  t h i c k n e s s  R a s  e q u a l  t o  ( 1  -  e 4 w here  r  r  r a d i u s
of  f u e l  p a r t i c l e ,  t h e  a c t u a l  volume o f  t h e  f u e l  p a r t i c l e s  
and  V e q u a l  t o  t o t a l  volume o f  gas  th r o u g h  w h ic h  the f u e l  
p a r t i c l e s  a r e  d i s t r i b u t e d , ,  N
f ] 9
A n g s t r o m '  fou n d  t h e  c a rb o n  p a r t i c l e s  i n  s t e a r i n  s o o t  
t o  have  a  d i a m e t e r  o f  S t a r c k ^  h a s  m easu red  a
d i a m e t e r  o f  0*26//.  i n  t h e  s o o t  f rom  gas  f l a m e s  u n d e r  t h e  
a s s u m p t io n  t h a t  t h e  {' u n e v e n e s s ! o f  a  s o o t  s u r f a c e  u n d e r  a  
m ic ro sc o p e  u s u a l l y  c o r r e s p o n d s  t o  t h e  s i z e  o f  a  c a r b o n  p ar t i d e .  
Lindmark  from h i s  t h e o r y  r e f e r r e d  t o  above  fo u n d  a  v a l u e  f o r  the
radium o f  so o t  p a r t i c l e s  up t o l , 7 / * 0 
.21
Y agi  m aking  some a s s u m p t i o n s  a n d  u s i n g  f o r m e r  t h e o r i e s  
d e v e lo p e d  an  e q u a t i o n  t o  t i e  t h e  f l a m s  t h i c k n e s s ,  s o o t
"3 3^
c o n c e n t r a t i o n  9 p a r t i c l e  s i z e 8 w a v e l e n g th  and a b s o r p t i o n  
c o e f f i c i e n t  and  d ed uced  a  s i z e  o f  a b o u t  O o l / ^ f o r  the.
r a d i u s  o f  t h e  s o o t  p a r t i c l e .  '
14 'P a r k e r  and W o l fh a rd  o b t a i n e d  a  v a l u e . o f  0 . 01/C
f o r  p a r t i c l e s  d e p o s i t e d  f rom  a  no n-smolsy H e f n e r  f lam e  on a
c o p p e r  g r i d  o r  w i r e .
22
N a e s e r  a n d  P e p p e r h o f f ■ h a v e  r e c e n t l y  m easu red  t h e
s i z e  o f  so o t  p a r t i c l e s  l i b e r a t e d  f rom  d i f f e r e n t  f l a r e s  by
t h e  use  o f  t h e  e l e c t r o n  m ic r o s c o p e .  They fo u nd  t h a t  t h e s e
f l a m e s  " i n  an i n c r e a s i n g  o r d e r  o f  t h e  p a r t i c l e s  s i z e -  were
t h e  a c e t y l e n e ,  o i l - c a r b u r i z e d  town g a s ,  s t e a r i n  c a n d l e ,
town gas  and  th e  H e f n e r  f l a m e ^  . They o b t a i n e d  a  v a l u e  o f  '
0 . 0 0 6 ^  f o r  a c e t y l e n e  and  0.025A f o r  town g a s .
23Gomerford h a s  l a t e l y  made a  good rev ie w  o f  p r e v i o u s  
work done on so o t  f o r m a t i o n #  t h e  p h y s i c s  o f  l u m i n o s i t y  and 
a l l i e d  e n g i n e e r i n g  i n v e s t i g a t i o n  on lum ino u s  r a d i a t i o n .
“ 17*“  '/
11* 3* C h a r a c t e r i s t i c s  o f  D i f f u s i o n  Blames
W ith  a  d i f f u s i o n  gas  f l a m e ,  t h e  r a t e  o f  co m b u s t io n
m ain ly  depends  on two f a c t o r s ,  v i z :  t h e  r a t e  o f  t h e
c h e m ic a l  r e a c t i o n ' b e t w e e n  t h e  f u e l  and  a i r ,  and ih e r a t e  .
o f  m ix in g  o f  a i r  and f u e l  m o l e c u l e s .  As th e  second / ra te  i s
i I
much s lo w e r  than  t h e  f i r s t  o n e ,  i t  i s  by f a r  t h e  more
i m p o r t a n t .  B um m al^  a r r i v e d  a t  t h i s  r e s u l t  when e x p e r i m e n t ­
i n g  on c o l d  m i x t u r e s  and  a c t u a l  f l a m e s .  '
Yon S l b e  and  G r u t e r "  i n v e s t i  g a t e d - t h e  p r o b le m  o f  
p r im a ry  a i r  e n t r a i n m e n t  i n  a t m o s p h e r i c  gas  b u r n e r s .  They 
d e v e lo p e d  a n  e q u a t i o n  f ro m  which  p r im a ry  a i r  e n t r a i n e d  in- 
b u r n e r s  w i t h  c y l i n d r i c a l  . tu b es  can  be c a l c u l a t e d  on t h e  
b a s i s  t h a t  p a r t  o f  the gas s t r e a m  momentum i s  c h a rged ,  i n t o  
s t a t i c  p r e s s u r e  c o r r e s p o n d i n g  to  t h e  f ’low r e s i s t a n c e  
r e s u l t i n g  from f r i c t i o n ,  b u o y a n c y .a n d  f lam e  t h r u s t .
B ecause  o f  t h e  l a s t  f a c t o r ,  a i r  e n t r a i n m e n t ' d e c r e a s e d  when 
a  f l o w i n g  s t r e a m  o f  gas  was l i t .  Dor u p r i g h t  b u r n e r s  , -the
f r i c t i o n  opposed  t h e  buoyancy e f f e c t ,  and Von E l b e  and
\
Grumer found  t h a t  e n t r a i n m e n t  i n  t h i s  c a s e  i n c r e a s e d  w i t h  
q u a n t i t y  o f  gas  up t o  a  maximum and t h e n  d e c r e a s e d  a g a i n .
They n o t i c e d  and e x p l a i n e d  a  c o n t i n u o u s  f l u c t u a t i o n  i n  t h e .
♦
f l am e  . ( f o r  u p r i g h t  b u r n e r s )  b e tw ee n  a  p r o t r a c t e d  g a s - e n r i c h e d  
f lam e  and a  r e l a t i v e l y  b l u i s h  s h o r t e r  o ne .  '
Burke  and  Schumann . d e v e l o p e d  two s i m i l a r  f u n d a -  • 
m e n ta l  d i f f u s i o n  e q u a t i o n s  f o r  c y l i n d r i c a l  and ^ f l a t 1 f l a m e s  
(Where t h e  c o m b u s t i b l e  gas  f lo w s  t h r o u g h . a  d u c t  bounded  by
■ FIG.2. DIFFUSION- FLAMES.
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two p a r a l l e l  w a l l s ) .  ' They found  r e i v  good ag reem en t  b e tw ee n  
t h e i r  two d e v e lo p e d  e q u a t i o n s  and t h e i r  e x p e r i m e n t s . vThey 
found  ou t  t h a t  t h e  s u r f a c e  o f  an  1 o v e r v e n t i l a t e d 1 f l am e  
( w i t h  e x c e s s  oxygen) t e r m i n a t e d  a t  the  a ^ i s  o f  t h e  tu be  where  
a s  t h e  s u r f a c e  o f  a n  * u n d e r v e n t i l a t e d 1 flame,  t e r m i n a t e d  a t  
t h e  t u b e  w a l l  a s  shown i n  Big® Z- They a l s o  fo u n d  good
agreem en t  b e tw ee n  t h e i r  t h e o r y  and t h e i r  e x p e r i m e n t s  c o n c e r n -©
i n g  t h e  e f f e c t  on t h e  f l am e  o f  v a r i a t i o n  i n  t h e  c o e f f i c i e n t  
o f  d i f f u s i o n ,  t h e  a d d i t i o n  of  i n e r t  gas  t o  c o m b u s t i b l e  g a s ,  
• t h e v a r i a t i o n  i n  f l o w ,  t h e  change i n  p r e s s u r e  , p r e h e a t  i n g  gas 
and a i r ,  t h e  a d d i t i o n  o f  p r im a ry  oxygen t o  c o m b u s t i b l e  gas
i
and t h e  v a r i a t i o n  o f  w id th  o f  d u c t s  i n  c a s e  o f  f l a t  f l a m e s .
£j'Q ,
Rembert  an d  Haslam  s t u d i e d  p r e - m i x e d  g a s : a i r
m i x t u r e s  a t  low gas  v e l o c i t i e s  and  s u g g e s t e d  t h a t  t h e  l e n g t h  
o f  rhe  f lam e  c a n tbe g i v e n  by t h e  f o r m u la :
L = K l o g  Y- +3  l o 'g D  + E 
where  V z  v e l o c i t y a t  t h e  p o r t
D r p o r t  d i a m e t e r  . .
IC, B and B d epend  on t h e  p r im a r y  a i r :  gas  r a t i o .
T h ey c o u ld  n o t  e x p l a i n  why t h e  e m p i r i c a l  e q u a t i o n  h a d  t h i s  
form* T h i s  e q u a t i o n  i s  t h e  on ly  one w h ich  h a s  b e en  p u t  
forward, g i v i n g  an  e s t i m a t e  o f  t h e  f l a m e  l e n g t h ® .
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Bunte  and  Lang  s t u d i e d  b u r n e r s  o f  s m a l l  d i a m e t e r s  
(d mms.) u s i n g  d i f f u s i o n  f l a m e s ,  They fo u n d  t h a t  t h e  l e n g t h  
o f  t h e  f lam e  was p r o p o r t i o n a l  t o  t h e  gas c o n su m p t io n  f o r  p u r e
- 1 9 -
g a se s  , but f o r  f i x t u r e s ,  a l i n e a r  r e l a t  ions l i ip  w as no lo n g e r  
v a l i d ,
..... The change of appearance o f  e t h y le n e  d i f f u s i o n  f la m es
'< 28
vrith th e  gas r a te  was s t u d i e d  by both d i r e c t '  and shadow
photography a s  w e i l  as  by v i s u a l  o b s e r v a t i o n .  As th e  r a t e  o f
f low o f  e t h y l e n e  is ,  in c r e a s e d  the  flame f i r s t  tak es  the  form
o f  a smooth luminous p e n c i l  only  the  t i p  o f  which appears
to  move® T h is  p e n c i l  l e n g t h e n s  w i th  in c r e a s e  in  g as  r a te
u n t i l  i t  suddenly s t a r t s  to f l i c k e r .  As che f l i c k e r i n g
becomes more pronounced a 'marked d iv e r g e n c e  o f  ..the f lame from
seme p o i n t  a lo n g  i t s  l e n g t h  appears® At the  same time the-
f la m e ,  s i l e n t  h i t h e r t o ,  b eco m es-n o isy  and p a r t l y  t u r b u le n t  0x
With i n c r e a s i n g  gas .rate the  apex  o f  th e  d iv e r g e n t  s e c t i o n
o f  th e  flame approaches the  gas j e t  u n t i l ,  at  a p a r t i c u l a r  .
r a te  o f  f l o w ,  th e  base  o f  the  flame l e a v e s  the  burner port
and goes to  a p o in t  above i t ,  the  f lame becoming t  u rb u len t
w i th  a b r ig h t  b lu e  b a s e * ' I n c r e a s i n g  gas r«-te f u r t h e r  i n c r e a s e
the  h e i g h t  o f  th e  l i f t e d  flame bo.se over  the j e t  u n t i l  t h e
- %
b l o w - o f f  p o in t  i s  reached®.
29Ruidge , Lewhurst and Pleas&nce*' , working on 
d i f f e r e n t  c o m b u s t ib le  g a se s  and d i f f e r e n t  j e t s  gave a
s i m i l a r  d e s c r i p t i o n  o f  th e  c h a r a c t e r i s t i c s  of  d i f f u s i o n  f la m es
3 - 'Be Malherbe summed up t h e  primary f a c t o r s  a f f e c t ­
in g  th e  flame l e n g t h  and shape i n t o  f o u r ,  v i a :  i n e r t i a
f o r c e s  o f  the  g a s , buoyancy f o r c e s ,  v i s c o s i t y  of gas and the
- 2 0 -
c l i f f  us io  n o f  gas and a i r  m o l e c u l e s ,  He d i s t i n g u i s h e d  between  
th r ee  c a s e s  o f  d i f f u s i o n  f la m e s :  '
1.  ■* d i f f u s i o n *  : where l e n g t h  o f  f lame i s  p r o p o r t i o n a l  t o
gas v e l o c i t y  , and i n v e r s e l y  p r o p o r t i o n a l  
t o  d i f f u s i o n  c o e f f i c i e n t ,
2,  t r a n s i t i o n a l  : where buoyancy , v i s c o s i t y  and d i f f u s i o n
f o r c e s  count most,
3* tu r b u le n t  : where Reynold'number o f  th e  gas l e a v i n g  the
p o r t  must be taken account  o f ,
\11. 4 .  Radiat  ion Measurecent
9B r ie d r i k  Siemens as e a r ly  as  1884 d e s ig n e d  a 
r e g e n e r a t i v e  g l a s s  furnace  in  which the  f u e l  was burnt  
s e p a r a t e ly  end tne' p r o d u cts  gave t h e i r  h 0at  mainly by 
r a d i a t i o n  to  th e  fu r n a c e . . c h a r g e . He b e l i e v e d ,  then th a t
r a d i a t i o n  from th e  f lam e.w as  due to  in c a n d e s c e n t  carbon, ■
. 3<
p a r t i c l e s  and nob go the  ga se s  . th e m se lv e s .  Von H elm holtz
u s in g  a 6 tn*nu d iam eter  burner working on a v a r i e t y  o f  g a s e s  •
a c t u a l l y  measured th e  t o t a l  r a d i a t i o n  in  t h e  i n f r a  red r e g io n
from gas f l a m e s .  ■ Based on th e  net  c a l o r i f i c  v a lu e  he
o b ta in ed  a r a d i a t i o n  e f f i c i e n c y  o f  about 5% f o r  c o a l  gas
32,and about 1 1 , 5 $  f o r  a luminous e t h y l e n e  f la m e ,  J u l i u s ,
/
a , c o l l a b o r a t o r  o f . von' H elm holtz  found thn t  a lm ost  a l l  th e  
r a d i a t i o n  fro.... non-lum inous  f la m es  f a l l s  i n t o  two be.-Ms cf 
average  wave l e n g t h s  2*8  and 4  ■•4/^ . ,  the  f i r s t  band.
d i s a p p e a r in g  in  .carbon monoxide fl6m.es and the second band
* , 1
alm ost  d i s a p p e a r in g  in  pure hydrogen flames® irom t h i s  
%
von H elm holtz  deduced t h a t  carbon monoxide and water  vapour 
produced by combustion one r e s p o n s i b l e  f o r  r a d i a t i o n  from  
non-luminous flam.es.
I t  i s - v a l u a b l e  to  mention t h a t  von Helm holtz  t o g e t h e r  
with o t h e r s  were of  the  op in ion  thac r a d i a t i o n  from a flame  
comes from th e  n asce n t  •m o le c u le s  w h i l s t  s t i l l  in  a n  
e x c e p t i o n a l  s t a t e  of ,  v i b r a t i o n ,  Paschen and-. Jane on th e
,t •
o th e r  hand m ain ta ined  that  th e  r a d i a t i o n  from a flame i s  
pure ly  therm al  ( a r i s i n g  from gas which has been combusted
and'which has  a t t a i n e d  an e q u i l i b r iu m  s t a t e )  and i s  sub­
s t a n t i a l l y  the  same as  would be em itted ,  were the  combustion  
pro d u cts  h e a te d  t o  the  same temperature  as  the  f la m e .  Recent . 
workers (Garner and Bone ) s u g g e s t e d  the  e x i s t e n c e  o f  N 
non-therm al  r a d i a t i o n  or chem ilum inescence  even i n  ordinary  
f lam es w h i le  Ho t t e l  conc luded  f r  Qiu iii'cB co o urements t h a t  such  
r a d i a t i o n , i f  i t  e x i s t s , i s  only  o f  t h e  order o f  5% o f  the  
t o t a l  r a d ia t io n . .
' 3 6
L eak ,  Godrich and Jack have u ido  r e c e n t l y  shown tbat- 
2% o f  t h e  heat  o f  combustion o f  a 45% carbon monoxide -  55% a i  
mixture i s  by che mi lu m in escen ce  , but  th ey  have p o in t e d  out  
t h a t  t h i s  p r o p o r t io n  w i l l ' b e  low er  f o r  o th e r  m ix tu r es  t h a t  
r e s u l t  in  a h ig h e r  mean temperature'  o f  f lame such as  
CO-CX, and CSg- ccLr m ix tu r e s .
37 ,38
Some recent  worm by David and Leah r e f e r s  to
t h e i r  o b s e r v a t i o n  o f  th e  l o n g  d u r a t io n  of  the  lu m in o s i t y  
(or  ! a f t e r g l o w  * ) o f  f lam e g a se s  a f t e r  th e  e x p l o s i o n  of  a 
w e l l - m ix e d  inflammable gaseous  m ixture  c o n ta in e d  in  a l a r g e  
c l o s e d  v e s s e l ,  in  which c o o l i n g  t a k e s  p l a c e  slowly*. They a .s  o 
experim ented  on bunsen f l a m e s ,  pure Carbon monoxide f lam es  
and n o n - a e r a t e d .town gas  f la m es  surrounded by a tube t o  help 
p r e s e r v e  the  s t r e a m l i n e  c h a r a c t e r  o f  t h e  flame g a se s  and 
found t h a t  the  a f t e r g l o w  p e r s i s t e d  f o r  a few f e e t .  . They 
e x p la in e d  the  phenomenon by assuming the  p re sen ce  in  th e  f l a n e  
g a ses  of very s t a b l e  abnormal t r i a t o m i c  m o le c u le s  formed
d a r i n g  c o m b u s t i o n  w h ic h  w i l l  r e l e a s e  t h e i r  l a t e n t  e n e r g y  
a s  l i g h t  q u a n t a  d a r i n g  t h e  i n f r e q u e n t  c o l l i s i o n s  o f  
s u f f i c i e n t l y  e n e r g i z e d  p a i r s . o f  th e n u  The r a t e  o f  
w h ic h  s u c h  c o l l i s i o n s  t a k e  p l a c e ,  and t h e r e f o r e  t h e  
i n t e n s i t y ^ a f t e r - g l o w  d e p e n d s  b o t h  upon t h e  c o n c e n t r a t i o n  , 
o f  t h e  a b n o rm a l  m o l e c u l e s  (w h ic h  v a r i e s  w i t h  t h e  amount
o f  l a t e n t  e n e r g y )  and upon t h e  f l a m e  t e m p e r a t u r e ,
1 1  3 ? , 5 9  4 0 /C a l l e n d a r  . w o r k i n g - w i t h  a  Meker b u r n e r
u s i n g  c o a l  g a s  o b t a i n e d  f o r  r a d i a t i o n  e f f i c i e n c y  v a l u e s
o f  1 0 p5$  w i t h  a  f u l l  a i r  supply t o  a  maximum, o f  1 6 $  when
t h e  r e d u c t i o n  o f  a i r  r e s u l t e d  i n  a  l a r g e  and b r i g h t  i n n e r
c o n e ,  F u r t h e r  d e c r e a s e  i n  a i r  -supply r e s u l t e d ,  a t  f i r s t
i n  a  d e c r e a s e  i n  t h e  r a d i a t i o n  e f f i c i e n c y  b u t  t h e n  t h i s
r o s e  t o  a  v a l u e  o f  1 7 $ , ■ He a l s o  f o u n d  t h a t  r a d i a t i o n
e f f i c i e n c y  i n c r e a s e d  w i t h  i n c r e a s e  i n  j e t  d i a m e t e r , b u t
f e l l  c o n s i d e r a b l y  ( t o  2 ~5 //£) w i t h  v e r y  s m a l l  f l a m e s  w h ic h
r e s u l t e d  f ro m  t h e  a i r  s u p p l y  b e i n g  i n c r e a s e d  b ey o nd
t h e o r e t i c a l  r e q u i r e m e n t s „
S l i g h t l y ,  h i g h e r  r e s u l t s  ( a b o u t  '1 8 .5 $ )  t h a n  t h o s e
o f  p r o f ,  C a l l e n d a r  f o r  r a d i a t i o n  e f f i c i e n c y  of  c o a l  g a s
59f l a m e s  w e re  a l s o  r e p o r t e d  . The r a d i a t i o n  e n e r g y  was 
m e a su re d  i n  t h i s  c a s e  by s u r r o u n d i n g  t h e  f l a m e  w i t h  a  
-copper  c y l i n d e r  1 0 » 4  cm, 1 5 » 1  cm,- h i g h ,  8 0 ol 6  cm.
t h i c k ,  c o a t e d  w i t h  l a m p - b a c k  on t h e  i n s i d e  and p o l i s h e d  on 
t h e  o u t s i d e .  The h e ad  o f  t h e  b u r n e r  was 2 o0 cm0 a b o v e  t h e  
b o t t o m  o f  t h e  c y l i n d e r „ R a d i a t i o n  l o s s e s  f ro m  t h e  b o t to m  
w ere  s t o p p e d  by t h e  u s e  o f  a  p o l i s h e d  r e f l e c t o r  p l a c e d  
0 , 5  cm0 b e lo w  t h e  c y l i n d e r  and a  c o r r e c t i o n  o f  1 2 e5^  • .
( w h ic h  was c a l c u l a t e d  and e x p e r i m e n t a l l y  d e t e r m i n e d )  was 
a p p l i e d  f o r  t h e ' r a d i a t i o n  l o s s  t h r o u g h  t h e  t o p «
. H as lam  and B o y e r ’ s work  on r a d i a t i o n  from. - 
n o n - l u m i n o u s  and lu m i n o u s  f l a m e s  h a s  b e e n  su m m ar ised  by them  
a s  f o l l o w s :  ’’R a d i a t i o n  f ro m  a  t r u l y  l u m i n o u s  f l a m e  i s  a t  
l e a s t  25  t o  J>0$ o f  t h e  t o t a l  h e a t  o f  c o m b u s t i o n  o f  t h e  gas ' .
I n  g o i n g  f r o m  n o n - l u m i n o u s  t o  a  t r u l y  l u m i n o u s  f l a m e ,  t h e
r a t e  o f  h e a t  t r a n s f e r  hy  r a d i a t i o n  i s  i n c r e a s e d  a t  l e a s t ,
f o u r f o l d . W i th  l a r g e  f l a m e s  t h i s  r e l a t i v e  i n c r e a s e  may "be
e v en  g r e a t e r . ” ' -
S c h a c k ^ * ^  was f i r s t  t o  m e a s u r e  q u a n t i t a t i v e l y  t h e
r a d i a t i o n  f ro m  n o n - l u r a i n o u s  f l a m e s  "by m e a s u r i n g  t h e  w i d t h
o f  t h e  c a rb o n '  d i o x i d e  and  w a t e r  v a p o u r  h a n d s*  T h ese  v a l u e s ,
w e re  m e a su re d  j a o r e  a c c u r a t e l y  and  p u t  i n  g r a p h i c a l  fo rm  hy
H o t t e l ^ ? o The c h a r t s  h a v e  r e c e n t l y  b e e n  p u t  i n  a
4-7more e l a b o r a t e  fo rm  by  F i s h d n d e n  and S a u n d e r s  *
S c h a c k ^  a l s o  f o u n d  a - r e l a t i o n s h i p  b e tw e e n  r a d i a t i o n
f ro m  a  l u m i n o u s  f l a m e  and t h e  d e v i a t i o n  o f  t h e  a p p a r e n t
t e m p e r a t u r e  o f  t h e  f ] a m e  ( a s  m ea su re d  by a n  o p t i c a l  p y r o m e t e r )
from  t h e  t r u e  f l a m e  t e m p e r a t u r e . ( a s  m e a su re d  by  a  s u c t i o n
pyrom eter} .*  He f i r s t  g a v e  a  s e t  o f  c u r v e s  f r o m  w h i c h  ei
kn o w led g e  o f  t h i s  d i f f e r e n c e  b e tw e e n  t r u e  and a p p a r e n t
t e m p e r a t u r e s  g i v e s  a  m e a s u r e  o f  t h e  a b s o r p t i o n  s t r e n g t h  K.L
(K= fib s o r p t i o n  c o e f f i c i e n t  a t  a  w a v e l e n g t h  o f  1  m i c r o n ,
1  = f l a m e  t h i c k n e s s ) *  S c h a c k  t h e n ,  s u b s t i t u t i n g  t h i s  f a c t o r
i n  P l a n c k ’s f u n d a m e n t a l  e q u a t i o n  o f  e n e r g y  and i n t e g r a t i n g ,
o b t a i n e d  t h e  t o t a l  r a d i a t i o n  a s  e q u a l  t o  >
E . 5
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He p r e s e n t e d  t h e  r e s u l t s  o f  t h e  l e n g t h y  g r a p h i c a l  i n t e g r a t i o n  
i n  a  s e co n d  s e t  o f  c u r v e s  f r o m  w h ic h  t o t a l  e m i s s i v i t y  c o u ld  
be  r e a d  a g a i n s t  t n e  a b s o r p t i o n  s t r e n g t h  K01  f o r  t r u e  
t e m p e r a t u r e s  r a n g i n g  b e tw e e n  800°  and 2 0 0 0 ° C o
H o t t e l  and B r o u g h t o n '*"7 r e p o r t e d  a  method f o r  d e t e r m i n i n g  
t n e  t o t a l  e m i s s i v i t y  o f  a  f l a m e  f ro m  two d e t e r m i n a t i o n s  o f  
a p p a r e n t  t e m p e r a t u r e s  o b t a i n e d  w i t h  a n  o p t i c a l  p y r o m e t e r  
u s i n g  s u c c e s s i v e l y  c o l o u r  s c r e e n s  o f  two d i f f e r e n t  e f f e c t i v e  
w a v e l e n g t h s .  They d e v e l o p e d  two e q u a t i o n s  i n  two unknowns:  
t h e  t r u e  t e m p e r a t u r e  T and t h e  . a b s o r p t i o n  s t r e n g t h  K . l .  The 
s o l u t i o n  t o  t h e s e  two e q u a t i o n s  w a s ' -g iv e n  i n  t h e  s h a p e  o f  a
g r a p h  f ro m  w h ic h  f  and KC1 c o u ld  he  d e t e r m i n e d  f r o m  a
k n o w le d g e  o f  t h e  r e d  b r i g h t n e s s  t e m p e r a t u r e  and  t h e
d i f f e r e n c e  b e tw e e n  T.  ^ and  t h e  g r e e n  b r i g h t n e s s  t e m p e r a t u r e
T . A t h i r d  e q u a t i o n  g av e  t h e  t o t a l  e m i s s i v i t y  i n  t e r m s  o f  
S
K.L and 1  and was a l s o  s o l v e d  g r a p h i c a l l y .
APS c h m id t  i n  1909 d e v e l o p e d  a  m ethod  t o  m e a s u r e  t h e  t o t a l  
e m i s s i v i t y  and t e m p e r a t u r e  o f  a  f l a m e  f ro m  t h r e e  t o t a l  
r a d i a t i o n  m e a s u r e m e n t s :  v i z 0 r a d i a t i o n  f r o m  -..the f l a m e  a l o n e  
( R ^ ) , r a d i a t i o n  f r o m  t h e  f l a m e  w i t h  a  s t a n d a r d  r a d i a t o r  
b e h i n d  i t  (Rp) and r a d i a t i o n  f ro m  t h e  s t a n d a r d  s o u r c e  a l o n e  
(R-^). I t  i s  e a s i l y  shown ( a p p en d ig ^  1) i n  t h i s  c a s e  t h a t
± 1 and t h et o t a l  e m i s s i v i t y  o f  t h e  f l a m e  e -  5—»   si Sxrz.■Zf ,— y .- - —* f
t e m p e r a t u r e  o f  t h e  f l a m e  - \U li  = If^ i3 _J- 1 ( 3 ( 0 .&CR,
w h e re  S' = S te fan -~ B o l tzm ann  c o n s t a n t .  T h i s  method i s  
s u i t a b l e  f o r  g r e y  f l a m e s  b u t  c a n  a l s o  be  a p p l i e d  t o  n o n - g r e y  
f l a m e s  w i t h  s m a l l  e r r o r  by a r r a n g i n g  t h e  s t a n d a r d  r a d i a t o r  ’• 
t o  be  a t  a  t e m p e r a t u r e  n o r  v e r y  d i f f e r e n t  f ro m  t h a t  o f  t h e  
f l a m e .
l a r g e  S c a l e _ R x p e r i m e n t s _ o n _ R a d i a t i o n :
Many e x p e r i m e n t s  h a v e  b e e n  c a r r i e d  o u t  on i n d u s t r i a l
f u r n a c e s  t o  d e t e r m i n e . t h e  r e l a t i o n  b e tw e e n  t h e i r  e f f i c i e n c y
and f a c t o r s  s u c h  a s  a i r - f u e l  r a t i o ,  t y p e  o f  f u e l  and a i r
4 0
p r e h e a t .  H u d s o n VJ d e r i v e d  a n  e m p i r i c a l  f o r m u l a  f o r  ■
50c o a l - f i r e d  f u r n a c e s  w h ic h  was l a t e r  im p ro v e d  by O rro k ^  who
' 1
p u t  i t  An t h e  f o l l o w i n g  f o r m  JUL ~ __ ; 1
1 + I4 ' /c>
w here  y t r  = f u r n a c e  a b s o r p t i o n  e f f i c i e n c y , * ^  = l b s . a i r / l b  c o a l ?
0 -p -  l b s  o f  c o a l  b u r n e d  p e r  h o u r / s q . f t .  o f  r a d i a n t  s u r f a c e .
51B r o i d o '  p r o v i d e d  a  s i n g l e  c u r v e  which- g a v e  t h e  f u r n a c e
a b s o r p t i o n  e f f i c i e n c y ^  f ro m  a  k n o w le d g e  o f  t h e  r a t i o
b e tw e e n  t o t a l  h e a t  l i b e r a t e d  and a r e a  o f  s u r f a c e  ex p o sed  t o
r a d i a t i o n .  p o r  b o i l e r  f u r n a c e s  u s i n g  p u l v e r i z e d - f u e l ,
5? 55 54- 55W o h le n b e rg  and o t h e r s ^  t r e a t e d  t h e  p r o b le m
a n a l y t i c a l l y  and o u t l i n e d  a  method e n a b l i n g  q u a n t i t a t i v e
- 26 -
e v a l u a t i o n  o f  t h e  e n e r g y  a b s o r b e d  i n  t h e  f u r n a c e ,  A r e p o r t ^  
h a s  a l s o  b e e n  p u b l i s h e d  i n c l u d i n g  t e s t  d a t a  o b t a i n e d  on 
t e n  d i f f e r e n t  s t o k e r - f i r e d , p u l v e r i z e d - f u e l  and  o i l -  and 
g a s - f i r e d  b o i l e r s  w i t h  v a r i o u s  c o m b i n a t i o n s  o f  r e f r a c t o r y  
and w a t e r - c o o l e d  f u r n a c e s 0 W ilson*  i o b o ,  I S a i& g  and H o t t e d r  1 
a l s o  t e s t e d  t w e l v e  t u b e  o i l - s t i l l  f u r n a c e s  o f  d i f f e r e n t  t y p e s  
find recommended t h e  f o l l o w i n g  e q u a t i o n  f o r  b o x - t y p e  f u r n a c e s  
w i t h  t u b e s  i n  one row:
J A .  = .-I.
3 2 0 0  ■
w h ere  jUL -  f r a c t i o n  o f  h e a t  i n p u t  a b s o r b e d  by  r a d i a n t  t u b e s ,
* §f
G- = a i r - f u e l  r a t i o ,  Q = n e t  c a l o r i f i c  v a l u e  o f  f u e l  f i r e d / h r  *
A = t o t a l  o u t s i d e  t u b e  a r e a  ex p o sed  t o  r a d i a t i o n *
* 18a  bThe work  by  l i n d m a r k '  c? on f l a m e  r a d i a t i o n  i n  v e r t i c a l
w a t e r - c ' o o l e d  b o i l e r  f u r n a c e s  i s  w e l l - k n o w n e He m e a su re d  t h e
l o c a l  h e a t  ' t r a n s f e r  by  means o f  s i x  w a t e r  c a l o r i m e t e r s  mounted
on t o p  of . e a c h  o t h e r ,  He t r i e d  t o  m e a s u r e  t h e  f l a m e
t e m p e r a t u r e  w i t h  a  s h i e l d e d  t h e r m o c o u p l e  w i h o u t  s u c c e s s .  He
t h e r e f o r e  had t o  e s t i m a t e  i t  t o g e t h e r  w i t h  t h e  f l a m e  e m i s s i v i t y
f ro m  a  k n o w le d g e  o f  t h e  l o c a l  h e a t  t r a n s f e r  and  f r o m . a n  o p t i c a l
p y r o m e t e r  r e a d i n g  t h r o u g h  m ic a  w indow s a r r a n g e d  on o p p o s i t e
s i d e s  o f  t h e  w a l l s  o f  t h e  c a l o r i m e t e r s 0 W ork ing  on b o t h
p u l v e r i z e d  n o a l  and f u e l  o i l  f l a m e s , h e  f o u n d  t h a t  t h e  f o r m e r
showed a  b e t t e r  u n i f o r m i t y  i n  h e a t  r e l e a s e  b u t  r e s u l t e d  i n  a
s l i g h t l y  l o w e r  r a d i a n t  e f f i c i e n c y  t h a n  t h e  l a t t e r 0 He a lso .
deduced  t h a t  r a d i a t i o n  f r o m  o i l  f l a m e s  r e s u l t e d  f ro m
i n c a n d e s c e n t  d e p o s i t e d  c fir b o n  p a r t i c l e s  ■, and n o t  f ro m  t h e
o r i g i n a l  d r o p l e t s 0 
*58Sherman i n  1934 e x p e r i m e n t i n g  on l u m in o u s  and n o n -  
l u m in o u s  n a t u r a l - g a s  f l a m e s ,  u se d  a  r e f r a c t o r y - l i n e d  s t e e l - s h e l l  
f u r n a c e  3 i  f t ,  I o ’Do, 14 . f t *  l o n g  w i t h  a  v a r i e t y  o f  i n d u s t r i a l  
. b u r n e r s .  He m e a su re d  t h e  f l a m e  t e m p e r a t u r e  ( w i t h  a  b a r e  
t h e r m o c o u p l e )  and ' a n a l y s e d  t h e  g a s e s  a t  r e g u l a r  i n t e r v a l s  
a lo n g  t h e  f l a m e .  He m ea su re d  r a d i a t i o n  f ro m  t h e  f l a m e  by  t h e
-2 .7 -
t h e  u s e  o f  a  d i a p h r a g m  p y r o m e t e r  t o  w h ic h  a  w a t e r - c o o l e d
c o p p e r  cone  w a s ' a t t a c h e d  and so a d j u s t e d  t o  a c t  a s  a  l i m i t i n g
c o ld  b a c k g r o u n d  b e h i n d  any t h i c k n e s s  o f  f l a m e  up t o  t h e
f u r n a c e  d i a m e t e r .  He fo u n d  t h a t  e m i s s i v i t y  f o r  p u l v e r i z e d -
c o a l  and  l u m i n o u s  g a s  f l a m e s  was a b o u t  0 o6 , w h e re  a s  f o r
n o i i - l u m in o u s  and s e m i - l u m i n o u s  g a s  f l a m e s  i t  was .doout 0 . 2  ,
F lame t e m p e r a t u r e ,  was h i g h e s t  f o r  n o n - l u m i n o u s  f l a m e s
f o l l o w e d  i n  * d e s c e n d i n g - o r d e r  by  p u l v e r i z e d - c o a l ,  s e m i -
l u m in o u s  g a s  find lu m i n o u s  g a s  f l a m e s  r e s p e c t i v e l y ,  She rm an .
c o n c lu d e d  t h a t  t h e  a d v a n t a g e  o f  a  l u m i n o u s  f l a m e  l i e s  n o t  i n
a  h i g h e r  r a t e  o f  h e a t  t r a n s f e r  b u t  i n  a  more u n i f o r m  t r a n s f e r
o v e r  t h e  e n t i r e  f u r n a c e ,
rq ■ ■ -
T r i n k s  find H o l i e r  a l s o  i n v e s t i g a t e d  t h e  e f f e c t  on
r a d i f  i t i o n  f ro m  n a t u r a l  g a s  f l a m e s  o f  f a c t o r s  s u c h  a s :  a i r - g a s
r a t i o *  g a s  v e l o c i t y , •b u r n e r  t y p e ,  a i r  t e m p e r a t u r e  and p r e s s u r e ,
p o r t  c o n d i t i o n  and f u r n a c e  p r e s s u r e .  The e s s e n t i a l
c o n c l u s i o n  r e a c h e d  'f rom t h i s  work was t h a t ,  u s i n g  s t a n d a r d
t y p e  b u r n e r s ,  t h e  m ost  i m p o r t a n t  f a c t o r s  i n f l u e n c i n g  f l a m e
e m i s s i v i t y  i n  o r d e r  o f  e f f e c t i v e n e s s  w e re  c h a n g e  o f  n o z z l e
s i z e  and g a s  v e l o c i t y ,  c h a n g e  o f  g a s - a i r  r a t i o ,  and c h a n g e  o f
a i r  p r e h e a t  t e m p e r a t u r e 0
A j o i n t  B r i t i s h ,  B u t c h ,  F r e n c h  and S w e d i sh  team  h a s
28r e c e n t l y  s t a r t e d  a  r e s e a r c h  programme J on t h e  phenomena
o f  t h e r m a l  r a d i a t i o n  f r o m ' f l a m e s  on a  1 * 4  s t e e l w o r k s  f u r n a c e
6 om o d e l .  The tea m  h a s  j u s t  p u b l i s h e d  t h e  r e s u l t s  o f  t h e i r
p r e l i m i n a r y  t r i a l s  i n  w h ic h  t h e y  h a v e  i n v e s t i g a t e d  t h e  e f f e c t
o f  t h e  t y p e  & q u a n t i t y . o f ; f u e l ,  t y p e  & q u a n t i t y  o f  a t o m i z i n g
a g e n t  and amount o f  e x c e s s  a i r ,
I n s t r u m e n t s  u sed  f o r  r a d i a t i o n  m e a s u r e m e n ts  a r e  v a r i e d  i n
p r i n c i p l e ' a n d  d e s i g n ,  'Of t h o s e  most- u se d  d u r i n g  t h e  l a s t  h a l f
c e n t u r y ,  one s h o u l d  m e n t i o n  t h e  b o l o m e t e r t h e  M o l l
m i c r o t h e r r a o p i l e 0^ ,  w a t e r - f l o w  and b l o c k  r a d i o m e t e r s ^ ^ * t h e
28 6id ia p h ra g m  and t h e  f i x e d - f o e  u s  m i r r o r  ? . ““t o t a l  r a d i a t i o n  
p y r o m e t e r s ,  ■
- 2 8 -
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1 1 . 5  M easu rem en t  o f  T e m p e r a tu r e  o f  F la m e s  and G ases
The m e th o d s  r e p o r t e d  i n  t h e  l i t e r a t u r e  f o r  m e a s u r i n g  
f l a m e  and g a s  t e m p e r a t u r e s  may b e  d i v i d e d  i n t o  t h r e e  g r o u p s ;
I .  P r o b e  m e t h o d s ,  2 0O p t i c a l  m e t h o d s .  3 . C h e m ic a l  m e th o d .
I I . 5 . 1 .  P r o b e  o r  C o n t a c t  m e t h o d s ;
A s t r a i g h t  f o r w a r d  method o f  m e a s u r i n g  g a s  t e m p e r a t u r e  
i s  t o  i n s e r t  a  p r o b e  i n t o  t h e  g a s  u n t i l , \ r e a c h e s  t h e r m a l -  
e q u i l i b r i u m  w i t h  i t  and i n d i c a t e s  i t s  t e m p e r a t u r e  by some 
c h an g e  i n  i t s  p h y s i c a l  p r o p e r t i e s .  Of t h e  d i f f e r e n t  t y p e s  o f  
p r o b e s  u sed  one c a n  d i s t i n g u i s h  e x p a n s i o n  t h e r m o m e t e r s ,  
r e s i s t a n c e  t h e r m o m e t e r s  and t h e r m o c o u p l e s .
I f  b a r e  p r o b e s  a r e , u s e d  f o r  tem  P M a t u r e . m e a s u r e m e n t  
t h e y  w i l l  g i v e  r e a d i n g s  l i a b l e  t o  f o u r  s o u r c e s  o f  e r r o r ;
1 .  C a t a l y t i c  a c t i o n  o f  t h e  p r o b e  on t h e  c o m b u s t i o n  r e a c t i o n  
and • i n v e r s e l y  t h e  g r a d u a l  c h e m i c a l  a c t i o n  o f  t h e  g a s e s  on t h e  
p r o b e .  T h i s  d i f f i c u l t y  c a n  b e  m a i n l y  overcom e by  c h o o s i n g  
t h e  p r o p e r  m a t e r i a l  f o r  t h e  p r o b e - o r  by  s u r r o u n d i n g  t h e  
l a t t e r  w i t h  a  s h e a t h  t h a t  i s  im p e r m e a b le  t o  t h e  g a s e s .
2 .  'Heat  l o s s e s  by c o n d u c t i o n  a l o n g  t h e  l e a d s  o f  t h e  p r o b e .
T h is  p r o b l e m  c a n  b e  s o l v e d  by  u s i n g  t h e  f i n e s t  p o s s i b l e  p r o b e  
and by a r r a n g i n g  f o r  t h e  l e a d s  t o  h a v e . no l a r g e  t e m p e r a t u r e  
d ro p  a l o n g  t h e m . ,
3 .  Time l a g  i n  m e a s u r i n g  f l u c t u a t i n g  t e m p e r a t u r e s .  T h i s  c a n  
be  m in im is e d  by  u s i n g  p r o b e s  o f  t h e  l e a s t  p o s s i b l e  h e a t  
c a p a c i t y 0
4o R a d i a t i o n  exc i iange  b e tw e e n  t h e  p r o b e  and i t s  s u r r o u n d i n g s  
when t h e  two a r e  a t  d i f f e r e n t  t e m p e r a t u r e s .  T h i s  d drs8wb a c k  
i n  c o n t a c t  m e th o d s  i s  t h e  m ost  s e r i o u s  and c a n  g e n e r a l l y  by  
met by u s i n g  f i n e  p r o b e s  o f  low e m i s s i v i t y  and b y  s u r r o u n d i n g  
t h e  p r o b e  w i t h  o n e ,  two o r  more r a d i a t i o n  s h i e l d s .
From a b o v e  i t , c a n  b e  seem why e x p a n s i o n  t h e r m o m e t e r s  
can  n o t  b e  u s e d  f o r  gas  t e m p e r a t u r e s  o v e r  200°C ( o r  400°C 
i n  s p e c i a l  c a s e s ) .  I n  t h e  same way, r e s i s t a n c e  t h e r m o m e t e r s ,  
(whose b a s i c  p r i n c i p l e  i s  t h e  ch an g e  i n  e l e c t r i c a l  r e s i s t a n c e
- 2 9 -  •
o f  a  c o n d u c t o r  due  t o  t e m p e r a t u r e  v a r i a t i o n )  aire n o t  
■ i n d u s t r i a l l y . u s e d  f o r  t e m p e r a t u r e s  o v e r  600°G,o T h e rm o co u p le s  
.h o w e v e r ,  o f f e r  a  r e l a t i v e l y  s i m p l e  m ethod o f  .m e a s u r in g  
f l a m e  and  g a s  t e m p e r a t u r e s ,
F i s h e n d e n  and S a u n d e r s ,  B o sa m q u e t ,  S c h a c k  and.
6 6 f c i l 3 c L p ^Webber ' - e x a m i n e d  m a t h e m a t i c a l l y  t h e  p r o b l e m  o f
h e a t  e x c h a n g e  b e tw e e n  t h e  c o u p l e  and  t h e  s u r r o u n d i n g  w a l l s  
and d e r i v e d  f o r m u l a e  f o r  c a l c u l a t i o n  o f  t h e  e r r o r  i n  t h e  
r e a d i n g  o f  a  t h e r m o c o u p l e  due  t o  r a d i a t i o n  e f f e c t s .  As 
m e n t io n e d  a bo v e  r a d i a t i o n  l o s s e s  c a n  b e  c u t  by  t h e  u s e  of  
one o r  more s h i e l d s  a r o u n d  t h e  c o u p l e .  T h ese  s h i e l d s  c a n  
be  m e ta l l i c  o r  r e f r a c t o r y  and . s h o u l d  h a v e  a  low e m i s s i v i t y  
on t h e  s i d e  f a c i n g  t h e  s u r r o u n d i n g s .
As w e l l  a s  p r e v e n t i n g  l o s s  by r a d i a t i o n ,  e n d e a v o u r s  
w e re  made t o  im p ro v e  t h e  c o n v e c t i o n  h e a t  t r a n s m i s s i o n  f ro m  
t h e  g a s e s  t o  t h e  c o u p l e ,  t h u s  b r i n g i n g  t h e  t h e r m o c o u p l e  
r e a d i n g  n e a r e r  t o  t h e  t r u e  t e m p e r a t u r e .  On t h i s  p r i n c i p l e  
t h e  u s e  o f  t h r e e  c o u p l e s  o f  d i f f e r e n t  d i a m e t e r s  was. s u g g e s t e d  
r e a d i n g s  o f  t e m p e r a t u r e  b e i n g  p l o t t e d  a g a i n s t  d i a m e t e r  and 
t h e  c u r v e  b e i n g  e x t r a p o l a t e d  t o  z e r o  d i a m e t e r .  T h i s  
' . n e c e s s i t a t e d  t h e  u s e  o f  v e r y  s m a l l ' d i a m e t e r s  and e v e n  t h e n ,  
d i d  n o t  g i v e  am a c c u r a t e  - e s t i m a t e  o f  t h e  t e m p e r a t u r e  b e c a u s e  
t h e  c u r v e  i n v o l v e d  b e n d s  r a p i d l y  a s  i t  a p p r o a c h e s  z e r o
d i a m e t e r .  T h i s  h a s  b e e n  p o i n t e d  o u t  by F i s h e n d e n  and
bhfi 6 6 Id 66S a u n d e r s  y , S c h a c k  , Wenzl  and S c h u l z e  ? K r e i s i n g e r  and
B a r k l e y ^ a n d  many o t h e r s *  ,
H a w th o r n e ^ * 1 u se d  a  m u l t i - f i n e - w i r e  p y r o m e t e r  w i t h
w i r e s  0 , 0 2 0 ,  0 . 0 1 4 ,  0 . 0 0 8 . 'and  0 . 0 0 4  i n c h e s  d i a m e t e r  b u t t -
welded.'  t o g e t h e r  and l a id ,  on a  s i l i c a  f o r k .  He fo u n d  t h a t
t h e  e x t r a p o l a t i o n  wais e a s y  b u t  t h e  i n s t r u m e n t  s u f f e r e d
from  b e i n g  o v e r s e n s i t i v e  t o  t e m p e r a t u r e  f l u c t u a t i o n s .  B la ick i
showed - th e  p o s s i b i l i t y  o f  m ea isur ing  t h e  t r u e  g a s  t e m p e r a t u r e
by m aking  s e v e n  t h e r m o j u n c t i o n s *  one o f  d i a m e t e r  9 u n i t s ,
t h r e e  o f  d i a m e t e r  4 u n i t s  and t h r e e  o f  d i a m e t e r  1  u n i t ,  and
j o i n i n g  t h e  s e v e n  i n  s e r i e s  w i t h  t h e  t h r e e  4 - u n i t  j u n c t i o n s
- 3 0 -
i n  o p p o s i t i o n  t o  t h e  o t h e r  f o u r  j u n c t i o n s ,  I n  t h i s  c a s e  t h e  
t o t a l  e 0m p f o . a c r o s s  t h e  s e v e n  j u n c t i o n s  .would m e a s u r e  t h e  
t e m p e r a t u r e  c o r r e s p o n d i n g  t o  a  j u n c t i o n  o f  z e r o  d i a m e t e r , 
i ce 0 t h e  a c t u a l  t e m p e r a t u r e  o f  t h e  g a s .
R o w s e ^ s h o w e d  t h a t  a n o t h e r  s o l u t i o n  t o  the.  p r o b le m  l i e s
i n  u s i n g  ( 2n + l )  c o u p l e s  o f  w h ic h  n  c o u p l e s  o f  " d i a m e t e r  D-,
‘ 2m . 2and one o f  d i a m e t e r  ( ) D-  ^ a r e ” c o n n e c t e d  i n  o p p o s i t i o n
t o  n  o f  d i a m e t e r  / n +1
( v i . i  h  ‘ '
A n o t h e r  a p p r o a c h  t o  t h e  i d e a  o f  im p r o v i n g  h e a t  t r a n s f e r
by c o n v e c t i o n  f ro m  t h e  g a s e s  t o  t h e  c o u p l e  i s ' b y  d r a w in g  t h e
h o t  g a s e s  r a p i d l y  p a s t  t h e  t h e r m o c o u p l e  j u n c t i o n , ,  T h i s  was
f i r s t  a p p l i e d  i n  1887 by  A s s m a n ^ i n  c o n j u n c t i o n  w i t h  a
m e r c u r y ~ i n - g l a s s ‘ t h e r m o m e t e r  b u t  now c o n s t i t u t e s  t h e  p r i n c i p l e
o f  t h e  .we l l -know n s u c t i o n  p y r o m e t e r . "  The optimum v e l o c i t y
o f  t h e  g a s  p a s t  t h e  th e rm o  j u n c t i o n  i s  r e p o r t e d  ^ -^to be
71100.. f t  , / s e c ,  B e c k '  R is ing  a  b a r e  lmm, P t c - P t . R h ,  c o u p l e ,  g ave  
a  much h i g h e r  v a l u e , o f  200 m e t r e / s e c .  Yon W enzl  and S c h u l z e  
improved  t h e  d e s i g n  o f  t h e  s i m p l e  s u c t i o n  p y r o m e t e r  by  f i l l i n g  
t h e  a n n u l a r  s p a c e  b e tw e e n  t h e . c o u p l e  and  t h e  s u c t i o n  t u b e  
w i t h  n a r r o w  t h i n - w a l l e d  t u b e s  t h r o u g h  w h ic h  t h e  g a s e s  w e re  
su c k ed  a t  a  v e r y  g r e a t  speedo  S c h a c k  - 'd e v e lo p e d  a  
m a t h e m a t i c a l  t h e o r y  f o r  s u c t i o n  p y r o m e t e r s  o f  d i f f e r e n t  t y p e s  
and compared t h e  v a l u e s  c a l c u l a t e d  f ro m  t h e  t h e o r y  w i t h  
e x p e r i m e n t a l  r e s u l t s *  He fo u n d  t h a t  5To n l y  t h e  s m a l l  t u b e  
s u c t i o n  p y r o m e t e r  i n  w h ic h  t h e  t h e r m o c o u p l e  i s  s u r r o u n d e d  w i t h  
two o r  t h r e e  rows o f  n a r r o w  t u b e s * ,  t h r o u g h  w h ic h  t h e  g a s  h o  
be  m ea su re d  f l o w s  a t  a  h i g h  v e l o c i t y *  y i e l d s  r e a l l y  u s e f u l  
r e s u l t s ,  M
66Yon Wenzl  and S c h u l z e ‘ s u g g e s t e d  a n o t h e r  im pro vem en t  
on t h e  s u c t i o n  p y r o m e t e r  by  s u r r o u n d i n g  t h e  t h e r m o c o u p le ,  w i t h  
w a l l s - a r t i f i c i a l l y  m a i n t a i n e d  a t  t h e  same t e m p e r a t u r e  a s  t h e  
g a s ,  t h u s  m ak ing  t h e  r a d i a t i o n  e q u a l  t o  z e r o .  The t e m p e r a t u r e  
o f  t h e  w a l l s  ( r e f r a c t o r y  s h i h d  }, c o n t r o l l e d  by  a  r h e o s t a t ,  
was m e a su re d  by a  t h e r m o c o u p l e 0 The t e m p e r a t u r e s  o f  t h e  
m e a s u r i n g  c o u p l e  and  o f  t h e  s c r e e n  c o u p l e  w e re  t h e n  compared
~ 3 1 -
f o r  i n c r e a s i n g  v e l o c i t i e s  o f  g a s  c i r c u l a t i o n  and t h e  h e a t i n g  
c u r r e n t  a d j u s t e d  so t h a t  t h e  t e m p e r a t u r e  o f  t h e  s c r e e n  became 
i n d e p e n d e n t  o f  t h e  g a s - v e l o c i t y * T h i s  method i s  v e r y  a c c u r a t e  
and  d o e s  n o t  i n v o l v e  t h e  w i t h d r a w a l  o f  l a r g e  v o lu m e s  o f  g a s c 
H o w ev e r f i t  i s  n o t  s u i t a b l e  f o r  a  g a s  whose t e m p e r a t u r e  i s  
l e s s  t h a n  t h a t  o f  i t s  s u r r o u n d i n g s „
1 1 05®2. O p t i c a l  Me1t h o d s ;
The H e a t e d —w i r e  m ethod :
G r i f f i t h s  and  Awbery ' s u g g e s t e d  t h a t  i f  a  vwlre was 
h e a t e d  e l e c t r i c a l l y  and  i t s  t e m p e r a t u r e  m e a s u re d  by a n  o p t i c a l ,  
p y r o m e t e r  f o r  a  r a n g e  o f  h e a t i n g  c u r r e n t s c f i r s t l y  w i t h  t h e  
w i r e  i n  t h e  g a s  o r  f l a m e  and secondly w i t h  t h e  w i r e  i n  vacuum, 
t h e n  t h e  p o i n t  o f  i n t e r s e c t i o n  o f  t h e  two h e a t i n g  c u r r e n t -  
t e m p e r a t u r e  c u r v e s  g i v e s  t h e  t r u e  t e m p e r a t u r e  o f  t h e  f l a m e  o r  
g a s .  T h i s  method g i v e s  a n  e s t i m a t e  o f  t h e  t e m p e r a t u r e  a t  a  
c e r t a i n  p o i n t  i n  t h e  f l a m e .
The_Kunlbaum^s_method _
I f ' t h e  image o f  a n  a u x i l i a r y - s o u r c e  ( b l a c k  b o d y )  i s  
p r o j e c t e d  on a  f l a m e  and  o b s e r v e d  -  f ro m  t h e  o p p o s i t e  s i d e  -  
by a  m o n o c h ro m a t ic  o p t i c a l  p y r o m e t e r P t h e n  i f  T- *= t r u e  f l a m e  
t e m p e r a t u r e ,  T-,~ t e m p e r  a t  u r d  o f  t h e  a u x i l i a r y  s o u r c e ,
« m o n o c h ro m a t ic  e m i s s i v i t y  o f  t h e  f l a m e  f o r  t h e  w a v e l e n g t h  
X ( f o r  w h ic h  t h e  p y r o m e t e r  f i l t e r  i s  t r a n s p a r e n t ) ,  
t h e n  t h e  t r u e  b r i g h t n e s s  o f  t h e  f l a m e  a l o n e  «  ^ B ^  
and t h e  t r u e  b r i g h t n e s s  o f  t h e  a u x 0s o u r c e  a l o n e  =5 B x m
1' I n t e r p o s i n g  t h e  f l a m e  b e tw e e n  t h e  p y r o m e t e r  and t h e  
a u x i l i a r y  s ’o u r c e ,  t h e  r e s u l t a n t  b r i g h t n e s s  o f  t h e  two w i l l  be
B>.x ( 1 ~
T h is  b r i g h t n e s s  d i f f e r s  f ro m  t h a t  o f - t h e  s o u r c e  a l o n e  by  
h T -  h T _ * b*t  o r  «vA(By  -  Bv )
I ‘l I ‘l 1
T h is  d i f f e r e n c e  v a n i s h e s  a s  t h e  t e m p e r a t u r e s  o f  t h e  f l a m e  and 
s o u r c e  become e q u a l . Thus ,  a n  e s t i m a t e  o f  t h e  t e m p e r a t u r e  i s  
r e a c h e d  by  a d j u s t i n g  t h e  t e m p e r a t u r e  o f  t h e  a u x i l i a r y  s o u r c e
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by t r i a l  and e r r o r  u n t i l  t h e  i n t e r p o s i t i o n  o f  t h e  f l a m e  c a u s e s  
no c h a n g e  i n  t h e  p y r o m e t e r  s e t t i n g .
R i b a u d ,  L a u r a  and G au d ry ^ 0 h a v e  d e s c r i b e d  t h i s  method 
t o g e t h e r  w i t h  a  g r a p h i c a l ,  a ' d o u b l e  c i r c u i t ' a n d  a  p h o t o g r a p h i c  
method d e s i g n e d  a s  im p ro v e m e n t s  on t h e  o r i g i n a l  K u r l b a u m ’s 
methods
Tire Solimi.cl^b me t h o d _ _ ^ ;  * '
T h i s  method h a s  b e e n  r e f e r r e d  t o  e a r l i e r  i n  c h a p t e r  11®4 
and i s  d e s c r i b e d  i n  d e t a i l  I n  a p p e n d i x  1 ,  I t  n e c e s s i t a t e s  
t h r e e  r e a d i n g s  w i t h  a  t o t a l  r a d i a t i o n  p y r o m e t e r ;  one f ro m  t h e  
f l a m e  a l o n e ,  a  s e c o n d  f ro m  t h e  f l a m e  w i t h ‘a- s t a n d a r d  r a d i a t o r  
b e h i n d  i t  and a  t h i r d  'f rom t h e  s t a n d a r d  r a d i a t o r  a l o n e 0 T h i s  
method g i v e s  a n  e s t i m a t e  o f  t h e  mean t e m p e r a t u r e  a l o n g  t h e  
s i g h t e d - o n  t h i c k n e s s  o f  t h e  f l a m e 0
17The T w o - c o lo u r  P y r o m e t e r  m ethod :
T h i s  method h a s  a l s o  b e e n  m e n t i o n e d  e a r l i e r  i n
c h a p t e r  1 1 04 i n  c o n n e c t i o n  w i t h  e m i s s i v i t y  m e a s u r e m e n t .  I t  makes
p o s s i b l e  t h e  d e t e r m i n a t i o n  o f  t h e  t r u e  t e m p e r a t u r e  (and
e m i s s i v i t y )  o f  l u m i n o u s  f l a m e s  f ro m  a  p a i r  o f  a p p a r e n t
t e m p e r a t u r e  m e a s u r e m e n t s  made w i t h  a n  o p t i c a l  p y r o m e t e r  u s i n g
s u c c e s s i v e  c o l o u r  s c r e e n s  o f  two d i f f e r e n t  e f f e c t i v e  w a v e l e n g t h s  
6 *5 e * ■H a e s e r  ' r e a l i s e d  t h e  f a c t  t h a t  c o l o u r  p y r o m e t e r s  g i v e  
v a l u e s  f o r  f l a m e  t e m p e r a t u r e  t h a t  e r r  on t h e  h i g h  s i d e  w h i l s t  
b r i g h t n e s s  o r  i n t e n s i t y  t y p e  p y r o m e t e r s  g i v e  low  v a l u e s . He, 
t h e r e f o r e ,  d e v e l o p e d  a  ^ c o l o u r —b r i g h t n e s s *1 p y r o m e t e r  w h ic h  
m e a s u r e s  b o t h  a t  t h e  same t i m e .
The two a bo v e  m e th o d s  a r e  s u i t a b l e  o n l y  f o r  l u m i n o u s  
f l a m e s  ( w i t h  a  c o n t i n u o u s  s p e c t r u m ) 0
T h i s  method i s  a c c e p t e d  t o d a y  a s  t h e  m os t  a c c u r a t e  f o r  
d e t e r m i n i n g  t e m p e r a t u r e s  o f . n o n - l u m i n o u s  f l a m e s  and g a s e s .  
K i r c h h o f f  n o t i c e d  t h e  c o i n c i d e n c e  o f  t h e  d a r k  l i n e s  i n  t h e  
s o l a r  s p e c t r u m  and  t h e  b r i g h t  l i n e s  i n  t h e  s p e c t r a  o f  v a r i o u s  
m e t a l s  and i n  p a r t i c u l a r  t h e  sod ium  l i n e s  w i t h  t h e  R r a u e n h o fe . r  
D l i n e s . He o b s e r v e d  t h a t  a f t e r  p a s s i n g  l i g h t  f ro m  a  h o t
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s o u r c e  t h r o u g h  a  l a j e x  o f  a n  a b s o r b i n g  v a p o u r ,  t h i s  - l i g h t  
g i v e s  a  s p e c t r u m  i n  w h ic h  t h e  l i n e s  due  t o  t h e  v a p o u r  a p p e a r  
e i t h e r  d a r k  o r  l i g h t  a c c o r d i n g  t o  t h e  r e l a t i v e  t e m p e r a t u r e s  
o f  t h e  s o u r c e  and o f  t h e  i n t e r v e n i n g  m a t e r i a l *
/ 1 A.
F e r y ‘ p_n 1 9 0 3 ? s u g g e s t e d  t h e  f o l l o w i n g  m ethod  b a s e d  on
t h e  t h e o r y  e x p l a i n e d  a b o v e e The im age  o f  t h e  l i g h t  f ro m
a  t u n g s t e n  f i l a m e n t  (known c o m m e r c i a l l y  a s  p o i n t o l i t e  lam p)
i s  f o c u s s e d  a t  t h e  p o i n t  o f  t h e  f l a m e  whose  t e m p e r a t u r e  i s
t o  be' m e a s u re d  w h i l e  t h i s  p o i n t  i s  v iew ed  t h r o u g h  a
s p e c t r o s c o p e , ,  A s m a l l  q u a n t i t y  o f  sod ium  c h l o r i d e  i s  t h e n
i n t r o d u c e d  a t  t h i s  p o i n t  and t h e  sod ium  I n - l i n e  a p p e a r s  d a r k e r
o r  b r i g h t e r  t h a n  t h e  b a c k g r o u n d  a c c o r d i n g  t o  w h e t h e r  t h e
f l a m e  i s  c o o l e r  o r  h o t t e r  t h a n  t h e  b r i g h t n e s s  t e m p e r a t u r e  o f
t h e  s o u r c e  r e s p e c t i v e l y *  When t h e  b r i g h t n e s s  o f  t h e  s o u r c e
i s  a d j u s t e d  u n t i l  t h e  sod ium  D - l i n e  m e rg e s  i n t o  i t s
b a c k g r o u n d  t h e  f l a m e  t e m p e r a t u r e  i s  t h e n  e q u a l  t o  t h e
b r i g h t n e s s  t e m p e r a t u r e  o f  t h e  s o u r c e  ( p r e v i o u s l y  c a l i b r a t e d ) *
6 bc .V a r i o u s  r e f i n e m e n t s  o f  . t h i s  m ethod  h a v e  b e e n  s u g g e s t e d ^  
s u c h  a s  t h e  1degraded ,  i m a g e J m ethod o r  t h e  m ethod  i n  w h ic h  
t h e  o p t i c a l  e x a m i n a t i o n  i s  r e p l a c e d  by  s p e c t r o g r a p h i c  
m easu re m e n t  *
\
11*5*3 C h e m ic a l  m e t h o d ^ :
p r o p e r l y  s p e a k i n g  t h i s  i s  a  c a s e  n o t  o f  m e a su re m e n t  
b u t  o f  c a l c u l a t i o n *  I t  was f i r s t  s u g g e s t e d  i n  1909 and 
c o n s i s t s  o f  s a m p l i n g  t h e  g a s e s  i m m e d i a t e l y  a f t e r  c o m b u s t i o n  
by means o f  a  w a t e r - c o o l e d  tube® From, a  k n o w le d g e  o f  t h e  
i n i t i a l  g a s  c o m p o s i t i o n . ,  h e a t s  o f  r e a c t i o n s ,  d i s s o c i a t i o n  
c o n s t a n t s  and s p e c i f i c  *he  c o m p o n e n ts ,  t h e  t h e o r e t i c a l
’t e m p e r a t u r e  o f  t h e  f l a m e  c a n  be  c a l c u l a t e d *
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P A K T • I I I  
THEQB35TICAL APPROACH
Prom the foregoin g  i t  i s  c le a r  that very l i t t l e  work has heeti done
on immersion heat appliances using d if fu s io n  flam es made luminous hy
the form ation of soot during the combustion reaction*
The study of rad iant heat tra n sfer  from luminous d if fu s io n  gas
flames seemed' to  o ffe r  a promising l in e  of in v e s t ig a t io n  which was
l ik e ly  to rev ea l the fa c to r s  a ffe c t in g  the e m iss iv ity  and temperature
of th at type of flame*
The flame ra d ia tio n  depends on the flame temperature together w ith
the s iz e  and concen tration  of the lib era ted  carbon p a r t ic le s .  For a
given fu e l  th ese , in  turn, depend e n t ir e ly  upon the mechanism of the
combustion rea c tio n . Thus, i f  the r e su lts  of the work described in
th is  th e s is  are to  be used fo r  in d u s tr ia l apxsliances, the s iz e  of the
apparatus necessary fo r  the in v e s t ig a t io n  must be comparable w ith  th at
of the r e a l gas app liance, and the gas must burn under e x a c tly  the same
conditions* Only in  th is  way can one ensure th a t the flow  p attern  and
i t s  in flu en ce  on the form ation of the carbon p a r t ic le s  w i l l  p lay the
same ro le  in  the in d u s tr ia l flame as i t  does in  the experim ental one.
I t  was th erefore decided to  use the f u l l - s c a l e  apparatus described
in  d e ta i l  in  the next part of th is  th esis*
A w ater-cooled  v e r t ic a l  tube of 2" diam eter (a value commonly used
in  industry) was chosen and gas v/as arranged to  flow  from a je t  and*
f ir e  c o a x ia lly  in s id e  i t .
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I t  was decided to  carry out the fo llo w in g  measurements:
(1) T otal heat tra n sfer  to and from every fo o t  length  of the 
heating  tube by surrounding i t  w ith a separate ca lorim eter ,
(2) T otal ra d ia tio n  from the flame measured w ith a diaphragm
to t a l  ra d ia tio n  pyrometer a t p oin ts 6” apart w ith a cold  
background. This was made p o ss ib le  by arranging opposite  
ra d ia l s id e -tu b es  passing through the calorim eters and 
s ig h tin g  on the flam e, ■
(3) E m issiv ity  and temperature of the flame at poin ts 6” apart 
by the Schmidt method (described in  Appendix 1) ,  A b lack  
body furnace and a diaphragm to t a l  ra d ia tio n  pyrometer were 
s p e c ia l ly  designed and constructed fo r  th is  purpose,
(4) Length ~ and when necessary (Appendix 2) width -  of the 
v is ib le  flam e by v is u a l observations through the s id e -tu b e s ,
(5) G-as a n a ly s is  at the top end ( e x it )  of the tube so th at the  
amount of a ir  entrained in  the system could be calculated®
( 6) G-as temperature at. the top end ( e x it )  o f the tube to  enable  
a heat balance on the system to  be made. For th is  
measurement a su ction  pyrometer w ith  the sp e c ia l improved 
fea tu re  of a n ick e l s p ir a l wound in  four turns round the  
thermocouple junction  was designed.
An attempt has been made to  measure the volume of a ir  entrained in  
the system in stead  of c a lc u la tin g  i t  from the f lu e  gas a n a ly s is . This 
was done by en c losin g  the burner and the gap between i t  and the base of 
the tube in  a c y lin d r ic a l  box. The a ir  necessary fo r  combustion was' 
then' to  be pumped in to  th is  box at a ra te  ju st  s u f f ic ie n t  to  balance
the je t  e f f e c t ,  i . e .  equal to  the rate  of a ir  normally entrained in  the  
absence of the box© This was to  be done by ensuring that the s t a t ic  
pressure -  measured by a Very s e n s it iv e  manometer -  at a point in s id e  
the box but remote enough from the burner no.zzle remained atm ospheric. 
These con d ition s could not be established, because the box constructed  
in  the lim ited  space round the burner was not b ig  enough fo r  the 
purpose and because i t  was found d i f f i c u l t  to  introduce the a ir  even ly  
in sid e  the box. This a ir  system w as. th erefore abandoned and reso r t  
had to  be made to  the f lu e  gas a n a ly s is  fo r  estim atin g  the volume of 
entrained a ir .
I t  was decided to  in v e s t ig a te  the e f f e c t  of the fo llo w in g  v a r iab les
* /
on the d if fe r e n t  c h a r a c te r is t ic s  of the system:
(1) Length of heatin g  tube -  or stack  e f f e c t 0
(2 ) Gas pressure before the burner j e t ,  ,
(3 ) J e t diam eter,
(4) D istance between j e t  and lower end of the heatin g  tube,
A f a c t o r ia l  b lock  design of experiments to  in v e s t ig a te  the e f f e c t  
of the above v a r ia b les  was preferred to  the c la s s ic a l  method of changing 
only one var iab le  at a time because of the fo llo w in g  co n s id e ra tio n s :
(1 ) The c a lo r i f ic  value of the town gas -  h ig h ly  important fo r
the c a lcu la tio n s  of th is  work -  flu c tu a te d  contin uously  round 
about 500 B « T h ,U ,/cu ,ftP (This 'value i s  a s ta tu to ry  
requirem ent), Even i f  i t  had been p o ss ib le  to  obtain  a 
continuous record of the value of th is  v a r ia n t, the 
f lu c tu a tio n s  in  i t s  value would have made d e ta iled  c a lc u la tio n s  
based on i t  q u ite  im p racticab le. I t  was th erefore e s s e n t ia l  
to  use the above average value in  a l l  c a lc u la t io n s .
(2) The con d ition  of the apparatus -  as fo r  example the sca lin g  
of the h eatin g  tube on both s id es  -  changed at an unknown, 
ra te  a l l  the tim e,
(3) There was always the p o s s ib i l i t y  of changing one or more of 
the measuring instrum ents during the course of work,
(4 ) The fa c t o r ia l  design  allow s a f a i r  assessm ent of the e f f e c t s
of varying a p a r ticu la r  variab le  w hile  the others vary over
th e ir  f u l l  range as w e ll ,  not being held constant at
com pletely arb itrary  values as in  the c la s s ic a l  method.
This i s  e s s e n t ia l  a s , fo r  exam ple,. varying the tube length
( in  the case of th is  work) from 4 f t ,  to  6 f t ,  may produce a
given change in , say, the t o t a l  e f f ic ie n c y  of the system when 
the gas pressure i s  w0g» but a d if fe r e n t change in  the effectvhen 
the gas pressure i s  1-yn w*go The fa c t o r ia l  d esign  of
experiment d e tec ts  th is  type of e f f e c t ,  and at the same time
\
g iv es  maximum e f f ic ie n c y , i* e ,  gives, the maximum amount of
inform ation about the system being experimented upon fo r  a 
#
given  amount of work*.
/
(5) The f a c t o r ia l  design  g iv es  a f a ir  judgment on, the x •
tru stw orth in ess of any r e s u lt  obtained from the experim ents.
This i s  done by comparing th is  r e s u lt  w ith  an accurate  
estim ate of the magnitude of i t s  error v a r ia tio n  ( t e s t  of 
s ig n if ic a n c e ) .
(6) The f a c t o r ia l  design  g iv es  inform ation on the extent to  
which the fa c to r s  in te r a c t ,  i . e .  the way in  which the e f f e c t  
of one fa c to r  i s  a ffec te d  by the other fa c to r s . This i s  
e s s e n t ia l  in  the case of the system in v e stig a te d  in  th is  
work as the fa c to r s  are p a r t ia l ly  interdependent.
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Tald.ng the tube len gth  at three le v e ls  (6 , 5 and 4 f t . ) , t h e
gas pressure at three le v e l s  ( ly ,  1 and \  inch w.g®), the je t
diam eter at three le v e ls  ( 0<*189, 0oj 66 and 0 .144  in ch es) and
the sep aration  at two le v e ls  (4 and 1 in ch ), the fa c to r ia l
design  rep resen ting  a l l  p o ss ib le  combinations of the four
v a r ia b les  at a l l  le v e ls  con sisted  of 3 x 3 x 3 x 2 = 54
%
experiments grouped in to  three equal b locks of 18 experim ents 
each (see  Table 1)<*
The dimensions of the apparatus constructed to  carry out th ese  
experiments (part IY of th is  th e s is )  were chosen to. allow  the above 
fa c to rs  to -vary  w ith in  the required range and a lso  in  accord w ith  the 
considerations d iscu ssed  in  Appendix 2.
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P A E T IV
APPARATUS, CALIBRATIONS AND METHOD OF PROCEDURE
IV. 1 • DESCRIPTION OP ATOJ3ATUS.
The apparatus used In th is  work i s  shown in  the photographs of P ig . 3
and the drawing in  P ig . 4 ‘. I t  co n sisted  of heatin g  .tube and ca lo r im eters ,
gas system , a ir  system , furnace used as Black Body and instrum ents
measuring rad ia tion  and temperature.
■ These are described in  d e t a i l  below:
Heating Tube and C alorim eters. ' j
The h eatin g  tube and calorim eters were b u ilt  from s ix  separate
id e n t ic a l  un its which were so designed th a t they could be assembled on top ,
of each oth er. (The p ictu re  in  Pigo3(b)shows seven of th ese  un its but only
s ix  of them were used fo r  the experiments of th is  work). A  s e c t io n a l
e le v a t io n  of one of th ese  u n its  i s  shown in  Fig«~5 .
Each unit co n sisted  of two mild s t e e l  concentric  tubes of 2” and 6"
I .D . bounded at each end by a s t e e l  fla n g e  of 7 ” O.D. The inner tube
extended _JL" beyond the fla n g e  so th at when the un its were put togeth er ,
16 '
a continuous 2" I .D . tube was formed and each un it was separated by a gap
of -g-". This gap was packed w ith  asbestos to  minimise the heat tran sfer
between the ca lo r im eters . The leads of a chrome1-alumel thermocouple
were passed through th is  asb estos f i l l in g 'a n d  the gap and i t s  ju nction  were 
» •
soldered to  th at part of the inner tube which extended beyond the f la n g e .
Two p a irs of s ig h tin g  tubes were f i t t e d  in  l in e  r a d ia lly  through the 
annular space at d ista n ces  of 6 inches apart and 3 inches from the nearest 
f la n g e . The tubes ended f lu sh  w ith  the inner surface of the inner tube 
but projected  •g-,f ou tsid e  the outer w a ll, and were f i t t e d  with screw -in  plugs
Q) M—«
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Two p ie ce s  of J 1* i ro n  tufting  were used in  each u n it  to  form w ater
i n l e t  and o u tle t*  The ends in s id e  the ' c a lo r im e te rs  were^ ftent to  he „J_”
« 16
away from  th e  f la n g e s  to  e lim in a te  a i r  pockets* The w a te r  tu b es  passed  
th rough  the  o u te r  w a lls  of th e  c a lo r im e te r  a t  a d is ta n c e  of 1" from  th e  
flan g es*  The w a te r tube near th e  upper f la n g e  of each u n it  was th en , 
connected  to  an upward-bend and a T - f i t t i n g  of which th e  s id e  arm -  
s e rv in g  as a w a ter o u t l e t  -  was a t  a h ig h e r  le v e l  th an  th e  upper f la n g e  of 
th e  u n i t .  The v e r t i c a l  limb of th e  T -p iece w a s 'f i t t e d  w ith  a co rk  th rough 
which passed  a g la s s  tube  se a le d  a t  th e  bottom* The g la s s  tube was 
p a r t i a l l y  f i l l e d  w ith  oil® A  co p p e r-co n s tan tan  therm ocouple was in s e r te d  
i n  the  g la ss  tube w ith  th e  t i p  emmersed in  th e  o i l  a t  a dep th  of 2” below  
th e  w a te r le v e l  in  the  o u t le t  tu b e .
The w a ter was su p p lied  to  the  s ix  o a lo r im e te rs  from  a c o n s ta n t head 
ta n k , th e  bottom  of which was m ain ta ined  a t  9 ft®, above th e  base  of th e  
h e a tin g  tu b e . The le v e l  of th e  w a te r  in  th e  tan k  was k ep t o o n s tan t by 
means of a b a l l - c o c k , The ta n k  was f i t t e d  w ith  s ix  o u t le t s  to  th e  
d i f f e r e n t  c a lo r im e te r s ,  an emergency overflow  p ip e  and a g la s s  tube 
c a r ry in g  a c o p p e r-co n s ta n ta n  therm ocouple d ipp ing  5 "  below th e  su rfa c e  of 
the  w a te r  in  th e  ta n k  to  measure i t s  tem p e ra tu re .
The o u t le t  p ipes of the  c a lo r im e te rs  a l l  ra n  in to  a common d ra in  and 
were so designed  th a t  any one of them could  be s e le c te d  and th e  flow  from  
i t  d ir e c te d  in to  a la rg e  m easuring cy lin d e ro
The o u te r  su rfa c e  of the c a lo r im e te r  ja c k e t and the  f i r s t  fo o t  
le n g tn  of the w a te r o u t le t s  were in s u la te d  w ith  th ic k n e ss  of a sb e s to s  
to  m inim ise h e a t lo s s e s .
HO T  BURNER NOZZLE.
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SCALE 1:1
G-as .System*
The gas supply was drawn from a 1” pipe and passed through a main 
b o o k ,:a'■weighted-diaphragm governor, a gas meter and a f in e  adjustment 
cock to  the burner, as shown d iagram atioally  in  F ig , 60
The governor was se t  to g ive  a pressure betv/een 3 and 3 i  inches w .g ,,
the f in a l  adjustment of gas £jressure being made by the f in e  adjustment 
oock at the base of the burner0 G-as pressure was measured, by'means of 
v e r t ic a l  water manometers before and a fter  the governor, A 10:1 in c lin ed  
manometer was used fo r  measuring the gas pressure a f te r  the f in e  adjustment 
cook* The temperature of the gas was measured by a thermometer mounted 
in  a tee  placed between the governor and the meter. The meter used was 
of the p o sitive-d isp lacem en t dry type.
The burner co n s isted  of a f ” 0-,D, smooth copper tube, 12” long
connected at the base to  the f in e  adjustment cock, and threaded at the
upper end to  house the gas j e t s .  I t  was maintained in  an upright 
p o s it io n  w ith  i t s  a x is  concen tric  w ith  the heating tube by means of a 
bush. The burner could s l id e  smoothly in s id e  the bush and be clamped at 
any desired  h e ig h t. The three gas j e t s  used in  th is  work were of the  
type commonly used in  the gas in d u stry , A ty p ic a l drawing of one of 
th ese  j e t s  (0 ,1 4 4 ” diam eter) i s  shown in  Fig* 7 , The other two d iffe re d  
only in  the s ia e  of the c ir c u la r  d r i l l  (0, 166” and 0,189" d iam eter),
A ir System. , •  ^ .
An a ir  system  (F ig , 8 and Fig»3fq,c))was constructed  to  supply and 
measure the a ir  required fo r  combustion b u t, because of the con sid era tio n s  
d iscussed  in  p art I I I ,  was abandoned during the experiments proper of 
th is  work* ‘
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FIG. '9= BLACK BODY FURNATF
I t  co n sisted  of a blower driven  by a u n iversa l . motor, 
a governor.of the weighted diaphragm typ e, an o r ific em eter , a cock and a 
c y lin d r ic a l m etal box 11” diam eter, 12” h igh , surrounding the gas burner. 
The burner was accu rately  c e n tr a lly  mounted in  the box by means of a 
sp ider and a bush, and the- box f i t t e d  secu re ly  to  the base of the heating
i
tube, '
■ =• The a ir  was fed  in to  the box at a l e v e l  -§•” above the b ase , and then  
passed through a finaly~m eshed s in e  gause f ix e d  in s id e  the box at a le v e l  
of 1p ” above the base in  order to  d is tr ib u te  the a ir  stream evenly* 
pressure was measured at a poin t in s id e  the box next to  i t s  s id e  
w a ll and 3" below i t s  top through a tapping lead in g  to  a "C asella” 
manometer reading pressured, accu rately  to  Qo005 cms W,G,
P ro v is io n  was made fo r  c o lle c t in g  and running o ff  any condensate 
th at might drain down the heatin g  tube in to  the box,
Furnsoe used as a Black Body,
A s i l ic o n  carbide b lo c k - f it t e d  in to  an e le c t r ic  tube furnace o f  
1|-” 1 . 1),-served  as the b lack  body rad iator needed in  the experiments 
(F ig , 9 ) .
The b lock  co n sisted  of a oy.binder 2” long made of s i l ic o n  carbide
cement (a mixture of s i l ic o n  carbide powder and high temperature cem ent).
This m ateria l was chosen because i t  i s  a good thermal conductor.
Another cy lin d er  1 ” long made of alumina cement was attached to  the back
of -this b lock  to minimise the temperature gradient along the tube®
The g rea tes t p o ss ib le  number of-J.'' diam eter, p ” deep, h o les  were d r i l le d
20 .
in  the face, of the s i l ic o n  carbide b lock  to  in crease  i t s  e m is s iv ity ,
A platinum platinum  1 3 $  rhodium thermocouple w a s  p laced along the 
a x is of the a lu m in a -s ilic a  carbide b lock  w ith  the t ip  ju s t  p rojectin g
' -43 ~r
at the cen tre of the ra d ia tin g  surface of the block*
The b lock f i t t e d  t ig h t ly  in s id e  a pre-forrned 1-g-" diam eter, 8” long, 
"Kanthal" sp ir a l c o il*  The la t t e r  was designed to be heated by a current 
of 53 amps a t 15 vo lts*  ■ The c o i l  was embedded in  a layer of
alumina cement, and was fu rth er  in su la ted  by consecutive layers of 1" 
magnesia powrder, a w a ll- th ic k  s i l l im a n ite  tube, 1-g-" e x fo lia te d  
verm icu lite  and an ou tsid e  covering of asbestos sh e e t . The assembly was 
enclosed  in  a p o lish ed  aluminium ca sin g . ’!
I
The centrem ost 3" of the heatin g  c o i l  formed a uniform temperature 
zone, so th at when the combined s i l i c o n  carbide-alum ina b lock  wras placed  
in  th is  reg ion , a uniform ly heated b lack body was created . The maximum 
temperature gradient across the face., as measured by a disappearing  
filam en t pyrometer, and along the 2" length  of th is  b lack  body, as measured 
by the platinum -  platinum rhodium thermocouple, did hot exceed 7°G.
The maximum operating temperature of the "Kanthal" heatin g  c o i l  v/as
1350°C. This allowed the temperature of the b lack  body to  be brought
up to  a maximum of 1250°C*
■ The furnace was f ix e d  to  a wooden platform  and the assembly carried
by a s t e e l  cab le  connected through a system  of p u lley s  to  a winch
mechanism which enabled the furnace and platform  to' tr a v e l up and down
betw een fo u r  g u id e rs  which were f ix e d  a t  th e  back  of th e  main u n it  and 
\ . - ■ , 
served  as g u id e s . The fu rn ace  could  be secu red  in  such p o s it io n s  as to
a lig n  the b lack  body w ith  the s id e  tubes of the various calorim eters as
re q u ire d .
, Two f le x ib le  cab les brought the current supply from the transform er -  
fed  from the 230 ,v o lt s  s in g le  phase A.O., mains -  to  two copper lu gs f ix e d  
to  the wooden platform . These two lu gs were connected in  turn to  the  
furnace terminals®
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Diaphragm T otal Radiation. Pyrometer,
A d e ta iled  drawing of th is  instrum ent can he seen in  Fig* 10 
I t  was b u i l t  up from three p a r ts :
■ (1 ) A M oll miorothermopile (lio« L 238573) w ith  e igh teen
manganin-constantan ju nctions and a z in c  b lack  rece iv in g  
surface of (6®4 mm.) diam eter. I t s  term inals -were 
connected d ir e c t ly  to  a potentiom eter by two th in  copper 
w ires .
(2 ) A water jacket b u i l t  up of th in  copper sh eetin g  
surrounding the back of the therm opile to  p ro tect i t  from 
a ir  draughts and. to h elp  keep the temperature of i t s  cold
^ ju nction  con stan t,
(3) A brass diaphragm-tube -J” 0.D o and long, f i t t e d  w ith  
4 brass diaphragms w ith  o r i f ic e s  of—2 ” 10" 11"and § ”32 jz  yz
diam eter r e sp e c t iv e ly  at equal d is ta n ces  o f i f ” as shown 
in  F i g .10.
When the diaphragm-tube was attached to  the' therm opile, the nearest  
diaphragm to  the la t t e r  was a lso  at i f ” from i t s  r ec e iv in g  su rfa ce .
The four diaphragms togeth er math the in s id e  w a lls  of the diaphragm tube 
were blackened w ith  matt b lack  paint to  minimise stra y  ra d ia tio n .
The diaphragm-cube, except 2-P' a t the end remote from the therm opile 
■was surrounded by a water jacket' which rece iv ed  i t s  water supply from  
the o u t le t  of the other jacket behind the m iorotherm opile. This , 
arrangement helped to  keep the temperature o f the diaphragm-tube and 
the co ld  ju n ction  of the therm opile p r a c t ic a lly  equal and co n sta n t.
Mien the ra d ia tio n  pyrometer was u sed ,-th e  unjacketed part of the  
diaphragm-tube f i t t e d  t ig h t ly  in s id e  one of the' -J” I .D . ,  2-g-” lon g ,
>14 «
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s id e  tu b es  of th e  c a lo r im e te r s ,  so th a t  th e  diaphragm f a r t h e s t  away from  
th e  th e rm o p ile  was co n seq u en tly  p laced  in  the  immediate v i c i n i t y  of th e  
flam e o r i t s  com bustion p roducts  in s id e  th e  h e a tin g  tube* This diaphragm  
was k ep t s u f f i c i e n t ly  co ld  p a r t i a l l y  by the  water, in  th e  c a lo r im e te r  and 
p a r t i a l l y  by con d u ctio n  th rough  th e  b ra s s  w a lls  of the w a te r-co o led  
diaphragm -tube*
The. r a d ia t io n  pyrom eter was f ix e d  on a sm all wooden p la tfo rm  th a t  
cou ld  be moved up and down in  f r o n t  of th e  main ap p ara tu s  on the  o p p o site  
s id e  to  th a t  of th e  b la ck  body surface#  ,
S u c tio n  P yrom eter.,
A su c tio n  pyrom eter was c o n s tru c te d  m ain ly  to  measure th e  
tem p era tu re  of th e  f lu e  gases and i s  shown in  Figo 1i«
I t s  d e s ig n  was based on th e  w e ll known p r in c ip le s  of r a i s in g  to  th e  
maximum h e a t t r a n s f e r  by co n v ec tio n  from  th e  gases to  th e  therm ocouple, 
m inim ising r a d ia t io n  lo s s e s  from  th e  l a t t e r  to  th e  co ld  su rro u n d in g s , and 
making th e  h e a t c a p a c ity  of th e  in s tru m en t as sm all as p o ssib le#
F o r th i s  purpose a f in e  p la tin u m  -  p la tinum  rhodium therm ocouple 
o f 0 o005n d iam eter was th read ed  through, a tw in -co re  r e f r a c to r y  in s u la to r#  
The l a t t e r  was f u r th e r  covered w ith  a n ic k e l sh ee t wrapped round i t  to  
form  a s p i r a l  c o i l  o f fo u r  c o n c e n tr ic  tu rn s  cf 2" a x ia l  le n g th  w ith  th e  
t i p  o f 't h e  therm ocouple a t  i t s  cep.tre point#  The c o u p le , r e f r a c to r y  
i n s u la to r  and th e  n ic k e l  s h ie ld s  w ere f i t t e d  t i g h t l y  in s id e  a b r ig h t  
s t a i n l e s s  s t e e l  tube o f I .B . ,  and th i s  assem bly mounted in s id e  a 
I*D« s t a in le s s  s t e e l  tube# The l a t t e r  two tu b es  se rv ed  as f u r th e r  
r a d ia t io n  sh ie ld s#
The o u te r  sh ea th  was connected  th rough  an o r i f i c e  flow m eter to  an 
e je c to r  working on com pressed a ir#  . A p a r t  of th e  tube betw een th e
sh ie ld ed  them oouple and the flowm eter was w ater-cooled , M ien-suction  
was applied  the hot gases were made to pass only w ith in  the 1 ” s ta in le s s  
s t e e l  tube,
Thermoo o uple s , .
The thermocouples used fo r  temperature measurements were of three  
d if fe r e n t  kinds:
(1) A platinum -  platinum rhodium thermocouple of 0 ,0 0 5 ” 
diam eter was used fo r  the temperature measurement, of the 
black  body and a fu rth er  one in 'th e  con stru ction  ofx the 
su ctio n  pyrometer. Both thermocouples were extended by 
means of compensating lea d s ,
(2) -jsI jk. 22 gauge chromel-alum el thermocouples were used to  
measure the temperature o f the tube w a ll along- it* f  len g th .
They were recessed  and soldered h a lf  way through th e . th ickness  
of the heating  tube immediately next to  where the ca lorim eters  
jo ined  so th at they were at regu lar in te r v a ls  of 1 f t ,  apart 
along the h eatin g  tube. I t  was necessary to  provide fo r
the p o s s ib i l i t y  of the w a ll a tta in in g  a 'h igh  temperature as 
no previous inform ation was a v a ila b le , and chromel-alum el 
' thermocouples were th erefore chosen fo r  the purpose,
(3) S ix  v itreous-enam elled  26 gauge copper-constanan thermocouples 
were f ix e d  at the water o u t le ts  of .the ca lorim eters as 
described e a r l ie r .  A fu rth er  sim ila r  thermocouple measured 
the temperature of the water in  the overhead tank before  
flow in g  to  the ca lorim eter , .
A ll  the thermocouples were led  to  a dewar f la s k  kept at the 5 
temperature of m elting i c e ,  A double pole so len oid  s e le c to r  sw itch  ■
was prov ided  in  th e  c i r c u i t  and the was m easured by a s e n s i t iv e
p o te n tio m e te r g radua ted  to  5 m ic ro v o lts , •
O ther P a r ts  of A pparatus,
(1 ) F lu e  gas an a ly ses  were made on an O rsa t ap £ ara tu s  w ith  fo u r  
a b so rp tio n  p ip e t t e s .  Three of th e se  were used to  determ ine th e  
p e rcen tag es  of carbon dioxide* oxygen and carbon.m onoxide, The sam pling 
was done by a 1" I .D , h e a t - r e s i s t i n g  s t e e l  tube welded through a p lug  
t h a t  f i t t e d  in - th e  s id e - tu b e  of any c a lo r im e te r ,  When the  p lu g  was so 
f i t t e d *  the f r e e  end of -the. sam pling tube was e x a c tly  a t  th e  c e n tre  of th e  
h e a tin g  tube* The o th e r  end was connected to  a. copper tube le a d in g  to  
th e  O rsa t apparatus®  The sam pling was u s u a lly  c a r r ie d  out th rough  th e  
upper s id e - tu b e  of th e  top  c a lo r im e te r ,
(2 ) A s tan d a rd  BoysJ_ £alorlm e_ter was used f o r  o c c a s io n a l check 
d e te rm in a tio n s  o f the  c a l o r i f i c  va lue  of th e  town gas used in  th e  worko
(3) The aeration  t e s t  burner number -(A.T.B* W o , )  -  which measures the  
so ftn e ss  or hardness of town gas -  was determined by means of a 
£a_librated burner,
(4) The s p e c i f ic  g ra v i ty  of the  gas was determ ined  by means of a 
bell_pbype £ravit_omet_er made by th e  au th o r app ly ing  the  p r in c ip le  of 
m easuring the  tim e of escape of a c e r t a in  volume of gas and, a l t e r n a t iv e ly ,  
of a i r  th rough a s h o r t  c a p i l l a r y  tu b e ,
—48*“
IVo 2.. CALIBRATIONS OF MEASURING- IRSTRU&MTS« ,
1_* Radi at i  o n-me as uri ng I  tis t  rums n.t s .
R adiation  pyrom eter.
When the therm opile w ith i t s  w ater-cdbled diaphragm-tube was * 
o r ig in a lly  tr ie d , i t  showed a zero reading about -Q.Q03 m.v. which
d r ifte d  gradually  during use up to about + 0 .010 m.v. As th ese  values
were of the same order of magnitude as some of the readings taken during 
the experim ents i t  was e s s e n t ia l  to  overcome th is  d i f f i c u l t y ,  *
The water-jaoke't described e a r lie r  (S ection  IV. 1) was th erefore  f i t t e d  
at the back o f the therm opile. This removed the d r i f t  and fix e d  the 
zero reading i t s e l f  a t almost nil'w hen the p i le  was d irected  towards a 
co ld  w a ll or'when i t  was screened.
V/hen a reading was taken w ith  the pyrometer view ing the flame and
/
then the flame was ex tin gu ish ed , the output of the p ile  dropped almost 
im m ediately to  zero , which showed th at the co o lin g  of the diaphragm 
fa r th e s t  from' the therm opile and of the co ld  ju n ction  was adequate.
The c a lib r a t io n  of the ra d ia tio n  pyrometer was made on the l j ” 
b lack  body M argot in  the fo llo w in g  manner.
The b lack  body furnace was f i r s t  heated u n t i l  the b lack  body ta rg e t  
was v i s ib ly  red h o t . The furnace was then brought in  l in e  w ith  the 
s id e -tu b e  of one of the ca lorim eters of the apparatus (w ith  no flam e 
burn ing). A su ita b le  steady stream of water was passed through th is  
ca lorim eter  to  keep the s id e -tu b es co ld  and un affected  by the furnace  
r a d ia tio n . A dummy diaphragm-tube (o f e x a c tly  the same co n stru ction  
and dimensions of the diaphragm pyrometer but provided w ith  a diam eter 
h o le  at the back in  p lace of the r ec e iv er  therm opile) was in serted  in  
the s id e-tu b e of the ca lorim eter0 The alignment was then checked by
uy o 
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lo ok ing  th rough  th e  h o le  to  see th a t  th e  fu rn ao e  ta r g e t  was always in  
th e  f i e l d '  o f v is io n  f o r  any angle of s ig h t  th rough  the  s e t  of diaphragm s. 
The fu rn ao e  was th en  l e f t  to  o o o l down to  about 50°C# W ater was nex t 
ru n  in  the  ja c k e ts  of the  r a d ia t io n  pyrom eter f o r  about 10 m inutes and 
the  re a d in g  of th e  pyrom eter -  when' s ig h te d  on a co ld  w a ll -  was always 
le s s  th an  0 .002 m .v. When th e  b la c k  body ta r g e t  reached  a s te a d y  
tem pera tu re  round about 50°C. -  measured by th e  p la tin u m  -  p la tin u m  
rhodium therm ocouple -  th e  r a d ia t io n  pyrom eter was in s e r te d  in  th e  ' 
s id e - tu b e  o p p o s ite  to  i t  and .the re a d in g  reco rd ed  on th e  p o te n tio m e te r . 
The th e rm o p ile  was th e n  removed and th e  tem pera tu re  of the  b la c k  body 
ta r g e t  m easured a second tim e . The average of th e  two tem peratu re  
read in g s  .-'w hen th ey  d id  not d i f f e r  by more th an  1.5°C . -  was reco rd ed  
as th e  tem pera tu re  of th e  b la c k  body co rrespond ing  to  the  reco rded  
th e rm o p ile  re a d in g . When th e  two tem p era tu res  of the  t a r g e t  d i f f e r e d  
by more th a n  1 .5 °C ., the  measurements were re p e a te d  a f t e r  s tu d y in g  th e  
b la c k  body te m p e ra tu re ,
' The procedure  was re p e a te d  f o r  about tw elve ta r g e t  tem p era tu res  in  
th e  range 50 -  1150°C* •
P lo t t in g  th e  p i l e  r a d ia t io n  re a d in g s  in  m .v. a g a in s t  th e  b la c k  body 
tem p era tu re  exp ressed  as the  f  u n c t io n ^  l o c a l s  , /c m .^ /s e c .  (v/here
<y« S te fa n  Boltzmann c o n s t , ,  T a b so lu te  tem p era tu re  °K), a s t r a i g h t  l in e
/
w ith  very, s l ig h t 'c u r v a tu r e  n ear th e  o r ig in  r e s u l te d .  T h is s t r a i g h t  l i n e  
r e la t io n s h ip  i s  shown in  P ig .1 2  and was used as th e  b a s is  o f a l l  th e  
tem p era tu re  and e m is s iv i ty  d e te rm in a tio n s  by the  Schmidt m ethod.
The c a l i b r a t i o n  was re p e a te d  tw ice d u rin g , and once a f t e r ,  th e
i
experim ents and th e  c a l i b r a t io n  cu rve  was found to  va ry  s lo w ly  and
 ^ •
- 50-
gpadually between, the. two s tr a ig h t l in e s  shown in  Figo12 rep resen ting  
the f i r s t  and la s t  © a lib ra tio n s. T h is’ i s  explained by a gradual 
f a l l in g  o f f  o f the z in c  b laok coa tin g  on the rec e iv er  therm opile 
r e s u lt in g  in  a dim inution of i t s  e m is s iv ity . I t  was th erefore  decided, 
to  use each o f the four s tr a ig h t c a lib r a tio n  l in e s  in  connection  w ith  
the number of experim ents carr ied  out at the tim e.
2® Temperature-measuring Instrument s .
Thermoco uple s »
Three d if fe r e n t  kinds of thermocouples were used in  th is  trork:
(1) Platinum  -  platinum 13^ rhodium 0 e005H diameter*
(2) Ohromel-aluinel No. , 22 gauge.
(3 ) Copper-constantan Ecu 26 gauge*
A. r e l ia b le  c a lib r a t io n  chart was provided by the manufacturers fo r
the platinum  -  platinum rhodium thermocouple,,
{ ' •
A chart was a lso  a v a ila b le  fo r  the chromel-alum el cou p les.
However, the ic e  and steam p o in ts togeth er  vdth the b o il in g  p o in ts  of 
sulphur, naphthalene and of benzophenone were determined fo r  th is  kind 
of thermocouple and were found to  cheok w ith  the chart provided.
The copper "constant an was ca lib ra ted  by comparison w ith  an 
N .P.L. platinum  -  platinum  rhodium c a lib ra ted  thermocouple. The 
ic e  and steam p o in ts  were a lso  determined and. were found to agree w ith  
the comparison ca lib ration * .
S u ction  Pyrometer* -
The su c tio n  pyrometer (described  in  S ectio n  IV. 1) was found to  
g iv e  a temperature reading th at increased  as su o tion  increased u n t i l  
i t  reached a maximum when about 12 o u . f t . /h r .  of gases were a sp ira ted . 
This ra te  of flo w  did not d istu rb  the flam e. The flow  was measured
■by the attached o r i f ic e  meter p rev iou sly  ca lib ra ted  again st a p o s it iv e
displacem ent water m eter. The area surrounding the t ip  of the
thermocouple through which the amount of gases w'as sucked was about
0.003 square in ch . The gas v e lo c i ty  past the t ip  was th erefore  about
■ /
130 f t . / s e c .
The temperature read by the su ction  pyrometer was found to  
f lu c tu a te  w ith in  a range of up to  40°C. This f lu c tu a tio n  -  apparently  
due to  the prompt response of the couple to  flame f l ic k e r in g  -  could not 
be remedied and the h ig h est reading a tta in ed  in  each case was recorded, 
3_* Volume-measuring Instrum ents.
Gas M eter.
The town gas used in  the experiments was measured by means of a
p o s it iv e  displacem ent dry meter of 80 o u .f t . /h r .  ca p a c ity . This meter
was ca lib ra ted  again st a sub-standard p o s it iv e  displacem ent wet m eter.
The c a lib r a tio n  was carried  out b e fo re , during and a fte r  the s e r ie s  of
experim ents. The two f i r s t  c a lib r a tio n  charts were almost id e n t ic a l ,
the meter on the average reading from about 1j| f a s t  at low ra te s  to
/  * 4
about 7^ 4 slow at high gas r a te s . The la s t  c a lib r a tio n , however, showed 
th at the meter read about ifgtb f a s t .  U nfortunately, i t  was d i f f i c u l t  
to  account fo r  the la s t  c a lib r a t io n  and the ca lib r a tio n s  already made 
were l e f t  corrected  according to  the f i r s t  two c a lib r a t io n s . This has 
resu lted  in  somewhat low estim ated heat e f f ic ie n c ie s  in  the la s t  th ird  
of experim ents, ' •
4* pre s s ure -me as uri ng I ns trume nt s .
The two v e r t io a l  and the 10:1 in c lin ed  manometers used to  measure 
the gas pressure before and a fte r  the gas governor and^before the gas 
j e t  r e s p e c t iv e ly  were a l l  c a lib ra ted  against a "Casella*' manometer w ith  
a s e n s i t iv i t y  of 0.005 oms. w«g.
-5 2 -
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IV. 3 » METHOD OF PROCEDURE» '
Every experiment normally needed one working day fo r  i t s  com pletion  
unless duplicated  or repeated .
In  the morning the desired  je t  was f ix ed  in  the burner and the 
l a t t e r  adjusted at the proper d istan ce from the base of the tube.
The burner was then l i t ,  the gas pressure adjusted to  the required value  
and the rate of flow  of water through the ca lorim eters so arranged as to  
permit a reasonable r is e  in  temperature (u su a lly  5 -20°C .) and the 
apparatus was then l e f t  to  a tta in  equilibrium . Meanwhile, the gas ra te  
and th e .g a s  p rop erties  such as i t s  s p e c if ic  g ra v ity , i t s  4 .T .B . No. and, 
o cca s io n a lly , i t s  c a lo r i f ic  value were determined. When equilibrium  
wa.s reached -  u su a lly  a fte r  one hour -  three or more estim ates of the 
temperature of the water going in to  and out of the ca lorim eters as w e ll  
as the temperatures of the tube w a lls  were made and an average obtained. 
The ra te  of water flow  through the calorim eters, was sim ultaneously  
measured. ' The f lu e  gases were then sampled and analysed and th e ir  
temperature measured w ith  the su c tio n  pyrometer. The readings of the 
dry and wet bulb thermometers were a lso  recorded.
This normally occupied the morning period.
In  the afternoon , ra d ia tio n  and •"Schmidt" measurements were carried  
out in  the fo llo w in g  order;
Water'was f i r s t  run in  the jack ets of the ra d ia tio n  pyrometer fo r  
about ten minutes and i t s  reading -  sighted  on a cold w a ll -  was 
ascerta in ed  to  be. constant at a value le s s  than 0 ,002 m.v, .Any 
condensed water in  the s id e -tu b es  of the ca lorim eters was dried o f f  and 
the plugs seen to  be f a i r ly  co ld . Unless found h ot, a l l  the back plugs
-53-
were l e f t  i a  p lace w h ile  the fron t ones were removed one at a time and 
the ra d ia tio n  pyrometer f i t t e d  in to  th e -s id e -tu b e  to  s ig h t  on the flame 
(w ith  a cold  background). By rep eatin g  th is  fo r  the d if fe r e n t  s ig h t  
tubes, a s e t  of r a d ia tio n  readings from the flame 'alone (designated  R,1 
in  Table 3 o f the r e s u l t s )  were obtained.
Meanwhile the b lack  body furnace was brought up to  a tem perature’ 
of about 950°C, I t  was then placed -  by the aid of the winch 
mechanism -  behind and in  lin e  w ith  the .lowermost p a ir  of s id e-tu b es  
a fte r  both plugs had been removed. When the alignment had been checked 
by the dummy diaphragm tube the ra d ia tio n  (R2- I ) ^rom flame backed 
by the hot b lack  body was measured. Two estim ates of the temperature 
of the b lack  body target'w ere  made im m ediately-before and a fte r  th is' 
ra d ia tio n  reading. The d ifferen ce  between these two temperature 
estim ates was not allowed to  be more than 1 ,5 °C ,, and th e ir  average was 
used as the ta rg et temperature (T^) corresponding to  the ra d ia tio n  
reading Rp-1• This procedure was repeated fo r  the d if fe r e n t  s lo t s  
( s id e - tu b e s ) . In  eaoh case  only the plugs of the pa ir  of s id e -tu b es  
involved  were l e f t  open*
The b lack body furnace was next heated to  a temperature (Tp) 
round about 1200°0, and another s im ila r  s e t  of ra d ia tio n  readings (R2- 2) ' 
. obtained by the diaphragm pyrometer, .
- 54-
' x P A R T  V 
RESULTS 9 SAMPLE CALCIJIATIORS AND STATISTICAL ANALYSES -
■ 1* TABLES OF RESULTS,
The r e s u lt s  of the' experiments and o a lo u la tio n s are arranged in  the 
ta b les  to  be found at the end of th is  th es is*
In  Table 1 headed "F actoria l D esign of E x p er im en tso n e  fin d s  the 
plan se t  up to. carry out the f i f t y  four experiments of th is  work 
according to  the f a c t o r ia l  b lock  design®
In  Table 2, an acoount i s  made of a l l  the measurements of the  
p rop erties  of a ir  and town gas and of the f lu e  gas analyses fo r  
determ ining the percentages of GO2? Op and-CO, The percentage of water 
vapour in  the f lu e  gases was ca lcu la ted  from a knowledge of the 
com position of town gas and the humidity of the entrained a ir . The 
ra te  of a ir  entrainment in  the, system and the amount of excess  a ir  as a 
percentage of the th e o r e t ic a l a ir  were ca lcu la ted  from the .town gas 
com position and the f lu e  gas a n a ly s is . In  th is  ta b le , an account i s  
a lso  g iven  of the measurements of the len gth  of the v i s ib le  flame®
In  T^ble 3? one f in d s  the diaphragm pyrometer and the b lack  body 
temperature readings togeth er  w ith  the e m iss iv ity  and temperature of the 
flame ca lcu la ted  g ra p h ica lly  (Schmidt method) from th ese readings®
The temperature of the b lack  body i s  entered in  th is  ta b le  as the
-12 o 4 2fu n ctio n  (1*37 x 10 (Absetemp. K®) c a ls ,/c m 8 / s e c , ) 0 The flam e
ra d ia tio n  fig u re s  yrere ca lcu la ted  according to  the expressions developed
in  Appendix 2, The co rrectio n  fa c to r s  referred  to  in  th is  Appendix
w ere entered w ith  th e ir  corresponding ra d ia tio n  figures®
' -55- -
Table 4 g iv es  the measurements of the ra te  and the temperature of 
the water as i t  flow s in  and out of the d if fe r e n t  ca lo r im eters .
Table 5 comprises the heat inputs and outputs. The heat inputs 
were' ca lcu la ted  from the corrected gas ra tes  taking the c a lo r i f ic  value  
of the gas as 500 B ,T h ',U ,/cu ,ft. The t o t a l  heat tra n sfer  to  the 
d if fe r e n t  ca lorim eters was ca lcu la ted  from Table 4 and the r a d ia tio n  to  
the ca lorim eters was compiled from Table 3* . The to t a ls  of these two 
l a t t e r  s e ts  of f ig u r e s  compared w ith  the heat input gave an estim ate of 
the t o t a l  and rad ian t e f f ic ie n c ie s  of the system  r e sp e c t iv e ly . The 
rstdiaht e f f ic ie n o y  was a lso  ca lcu la ted  as a percentage of the heat 
output. A lso entered in  th is  tab le  were the temperature of the f lu e  
gases (as measured by the su ction  pyrometer) and an estim ate of the 
c r it e r io n  (heat o u tp u t'+ f lu e  lo s s )  to  serve as a check aga in st the heat 
in p ut.
Table 6 g iv es  the r a te s  and c o e f f ic ie n t s  of heat tra n sfer  by
: ' ' . • ) v .
con vection  in  the system  ca lcu la ted  from the convective heat outputs and 
the mean1 temperature d ifferen ces  across the gas f i lm . The con vective  
heat output, fo r  each experim ent, was obtained as the d ifferen ce  between 
to t a l  and radiant heat outputs (shown in  Table 5 ) ,  The mean temperature 
d ifferen ce  across the gas f ilm  was obtained as the d ifferen ce  between 
the arithm etic mean o f a l l  temperature determ inations of flame and/or 
combustion products up the tube length  (found in  T ab le,3) and the mean 
tube w a ll tem perature.
Table 7 shows a summary of the values of the d if fe r e n t p rop erties  
of the system ( e « g ,  len gth  of v i s ib le  flam e, flame e m iss iv ity , flam e 
temperature e t c , )  when the four in v e stig a te d  fa c to r s  (tube len g th , gas
- 56-
pressu re , j e t  diam eter and sep aration ) vary in  between the designed  
le v e l s ,  A ll  the fig u res  in  th is  ta b le  are averages of the r e su lts  of 
the d if fe r e n t  experim ents of th is  work*
2» SAMPEE CALCUIATIONS.
The c a lc u la tio n s  made in  connection  ‘w ith  Experiment No* 49 -  chosen  
a r b itr a r ily  -  are shown below to serve as an exam ple:- 
G-as ra te  corrected  = 56 ,8  x . x  .1,PP_ _ = 57*2 o u .ft* /h r«
407.7 1oo« 25
L^. = ^7»2 x 500 x  0,252 = 7207 K .c a ls . /h r .  •
9H^£ui : ^0 caio r i me^er 1 =. 27,000 x 22,2 ss 598 K ,c a ls ,/h r e
kj  ~  j  i j  ^  a . I ' j J oH* — J  I v
/
T ota l Heat Output = 4540 "
T ota l E ffic ie n c y ^  =s 4540 x 1 Q Q f i  =63*0^
7207
^ownjGas^
A s t a t i s t i c a l  an a ly sis  of the fig u res  rep resen ting  the a n a ly s is  of 
the town has (from records o f the manufacturers) showed that i t  
co n sisted  of: 3*72 1 .0*5.^ 002? 0 .69  « 0 * 0 9 $  02? 3=>68 ± 0*76^ udaaturates,
14.6  t  2*36^ CO, 50 ,2  ± 1.61$ II2, 19 .9  * 1 ©48 P a raffin s and 7 .2  ± 0 .95$  N2. 
Prom th is  an a ly sis  i t  was found that 1 c u « ft , of town gas th e o r e t ic a lly  . ’ 
req u ires 4«19 i  0 ,09  c u . f t .  of a ir  fo r  combustion producing,
0 .49  -  0 ,02  o u .f t .  C02, 1 o01 + 0,03 c u . f t .  H20 and 3 .89  c u o ft . of dry
products. The f lu e  gases th e o r e t ic a l ly  contain  12»7 t  1o0$ C02 (on a
1 1 ! 
dry b a s is ) .
2 = 75,800 x 15o7 = 1190
'3 = 55,500 x 17 .0  = 942
4 = 51,525 x  13 .7  = 706
5 = 30,975 x 19o2 = 594
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P(G.13: DETERMINATION OF FLAME TEMP &, EM1S51V1TV BY SC
S u b stitu tin g  T = 1077%  h = 0.0125,, S = 0 .0295 , S2 -  0 .193 , S3 =s 0.0229
in  the equation shown on page 7 , .
F lu e  lo s s  = 190.9 B .T hoU ./ou*ft. = 190.9 x 57 .2  x .0*252 « 2730 K .c a l s . / h r .
Iiea t ou tp u t + F lue  lo s s  ~ . 4540 + 2730 . = 7270 K .o a ls ./h r*
s  ■ . 7270 x  100/  h= 1 0 2 .3 /
7207 (on 100/  heat input b a s is )
K ir En^rainrr£nt_
T otal volume of dry products = 3 8 9 ^ 1 2 .7  = 530 volumes /iOO v o ls .  gas
9*35 ”
V I • ' . '
Excess a ir  = (530 -  339) x 1007 =3 3 3 .5 /
41 9 ”
T ota l a ir  entrained = 419 + 141 = 560 vo ls./lO O  v o ls .  gas
= 560 x 57»2 =3 318 c u . f t . /h r .
100 ' . .
I al e£  i n_ f i u£  E.al  - “ 318 x 0.0125 + 1.01 x 57. 2= 61.2 o u .f  t . / h r
= il*L? x 100 x 100^ = 20/
. ‘ 530 x ‘57.2 %  .
The f lu e  gas contains 9«35/ C02, 2 0 .0 / H20« .
From published curves (pp. 21-23 of referen ce Ho. 4 7 ), the non-luminous 
e m iss iv ity  at a d is ta n c e .57” from base of tube e^y = 0.067 
S im ila r ly  = 0 .074  and = 0.078® . .
Lumi n o  us JEladj.ati o n_
The temperature and e m iss iv ity  of. the flame at d istan ces 3 , 9 , 15,
21, 27, 33, 39 , 45 and 51 inches from base of the tube were determined by 
the. Schmidt method. This i s  i l lu s t r a t e d  in  F ig . 13 in  which are shown ■ 
three s e ts  of p o in ts . The s e t  next to  the o r ig in  rep resen ts ra d ia tio n  
pyrometer readings (R-j) from the flame alone at d if fe r e n t d istan ces up
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the tube (3 , 9, i 5” e tc * ) .  The s tr a ig h t l in e  represents readings from
the b lack  body alone (see  Fig® 12)* The second s e t  of p oin ts up the
lin e 'r e p r e se n t ra d ia tio n  readings (R2~1) the flame backed by the
b la ck  body ta r g e t  a t  a tem peratu re  T-j • The th i r d  s e t  of p o in ts
represent readings (R2- 2) f rom the flam e backed by the ta rg et at a -
temperature T2« Every three corresponding poin ts of the three se ts  l i e
almost on a s tr a ig h t lin e*  This in te r se c ts  th e 'o r ig in a l s tr a ig h t l in e
at a poin t corresponding, on the a b c issa , to  the temperature of the
flam e and, on th e 'o r d in a t e ,  to  a va lue  (R ^). The" q u o tie n t R-j th e n
g ives the e m iss iv ity  of the flame (see  appendix 1)*' ^
Rnhia^t^ion O utput^
The ra d ia tio n ,fro m 'a  cy lin d er  of lum inous'flame 2” diam eter and
6” high to the corresponding enveloping lowermost part of the h eatin g
tube (Qp^) is  equal to  4800 x co rrectio n  fa c to r  x R-j K .ca ls ./h r*
(Appendix 2 ) a
= 4800 x |  x 0*024 = 43 K *cals,/hr»
S im ila r ly , the ra d ia tio n  from the next 6” x 2” diam eter cy lin d er  upwards.
Qr  ^ “ 4800 x 0.051 = 244 K.cals./hr<*
QR15= 4800 x 0.065 = 3 1 2
4800 x 0.062 = 297 ”
4800 x  0.053 = 254 ”
4800 x 0.041 = 196 "
Qr39= 4800 x 0.035 = 168  ^ "
QR43= 4800 x 0,028 . = 134 "
Qp = 4800 x 0*020 = 96 i! ‘
51
Qr27=
For the combustion products the corresponding amount of ra d ia tio n  =
864 x e m iss iv ity  x T^  K .c a ls ./h r . '(Appendix 2 ).
Thus
Qr^j -  ^64 x O.O67 x 1*71 - .9 3  K*oals«/hr»
QEg = 864 x 0 .0 7 4  x 1.19 -  76 "
,Q~ = 864 x 0 .078 x 0 .95  = 64 ' "
From above, the ra d ia tio n  output to the d if fe r e n t ca lorim eters can 
be obtained.
Qr calorim eter 1 “ QR3 * R^cj = 2o7 R .c a ls . /h r .  ^
Qr calorim eter 2 = Q&»3+ ^ 21“ "
Qr calorim eter 3 = % 27* ^ 3 3 = "
Qr calorim eter 4 = ^ 3  9* ^ 4 3 == ^ °2 "
Qr ca lorim eter 3 = QRe^ j* "
Qp ca lorim eter 6 » Qr^ =  ■ "
= T otal radiant output = 1977 K. c a l s . /h r .  *kT0T1L  ^ ■— LL !
Radiant E ff ic ie n c y  ±  1977 x 100* s  27*5 (on 100* heat input b a s is )
7207
or = 1977 x 100* ~ 43*35 (on 100* heat output b a s is )  
4340
CopiV£cjiive^PIeat_ _ •
T ota l Heat Transfer by convection  = T ota l heat output -  ra d ia tio n  output
a 4540 -  1977 = 2363 K .ca lS o /h r.
Rate of heat tra n sfer  by convection  =■ 2363 v
surface area of heating  tube
r ” 2363 = 8709 Kq>cals„/m? hr.
. 0 .2 9 2  '
1 ‘ “ 3213. B .T h .U ./f t^ h r .
A rithm etic Mean of flam e temperature = a j _ ( 9 5 5  + 1 0 1 3  + - 1 0 4 0  +  965'+ 9 3 5
1 2  +  9 1 5  +  8 7 0  +  8 4 0  +  8 O 0 - * k ? 3 9 O
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TABLE 8 -  CHANGE OF THE LENGTH OF VISIBLE 'FLAME WITH L, P, J AND S
(STATISTICAL ANALYSIS )
Experi­
ment
No.
Flame
Inches
Expert- 
me nt 
No.
Flame
length.
inches
Experi­
ment
No.
Flame
length
inche
Tube Length 
L
Gas Pressure  
P
J e t  Diame 
J
6 f t , i 5 f t .  A ft, i r• 2  1 "  o 'V.go V .g . w.g«
!* J_r? 0.189” 0 .166"
1
2
3
4
5
6
7
8 
9
10
11
•12
13
14
15
1b
17
18
Stocks:
43
28
49
57 
49 
31 
72 
39 
26
38
31
71
31
31
55
54
59
58
819
19
20 
21 
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
29 
51 
44 
41 
50 
31
30
37 
77 
29
38 
73
64
48
46
34
62
54
838
37
38
39
40
41
42
43
44
45
46
47 
43
49
50
51
52
53
54
49 
51 
42 
42 
■32 
32 
36
30 
40 
61 
63 
35 
55
31 
28 
59 
72
50 
808
2,465
122,919.00
“ 112, 522.68
10 ,396 .32  = T ota l sums
of squares
L
J
6 f t .  
5 f t .  
4 f t .
833
li"w«g, 
1 "\7„ g«
i ww.g.
00189”
0 . 166"
0.144”
4"
1 ”
833
799
314 279 
309 267 
293 267
240
257
239
387
369
342
916
736
1098
269 
263
270
417 316
374 258 
307 228
802
Mean w a ll tem p era tu re  = ^  ( 5 9  + 43 + 47 + 38 + 2*0.+ 41) = 45°C.
Mean temp, d if f e re n c e  = 872 -  45  = 827°P» =1521°]?.
C o e f f ic ie n t  of h e a t t r a n s f e r  "by co n v ec tio n  . %
= 3.213 = 2 .18  B .T h .U ./ft . ^hr-.°F«
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Ve 3 . STATISTICAL flfcLYSIS OF RSSULTS.
The r e s u l t s  of the  f i f t y  fo u r  experim ents showing th e  e f f e c t  of 
the fo u r , chosen f a c to r s  (tu b e  le n g th  L, gas p re ssu re  P, j e t  d iam e te r J 
and s e p a ra t io n  S) on the  d i f f e r e n t  p ro p e r t ie s  of th e  system  were a l l  
analysed  s t a t i s t i c a l l y .  Some of the  main fe a tu re s  of any s t a t i s t i c a l
a n a ly s is  are  g iven  in  Appendix 3 "but a com plete account of them i s  to  be
) • •' ‘ 
found on ly  in  te x t  books r e fe r re d  to  in  the  same Appendix.
I t  was thought u s e fu l ,  however, to  g ive -below an a r b i t r a r i l y  chosen
example of how the  main p a r t  of th e  s t a t i s t i c a l  a n a ly s is  of the f ig u r e s
re p re s e n tin g  the  le n g th  o f  th e  v i s ib le  flam e was made.
The s e t  up o f the  a n a ly s is  i s  shown o p p o site  in  Table 8 . In t h i s
ta b le  th e  measurements of th e  flam e le n g th  f o r  th e  f i f t y  fo u r  d i f f e r e n t
experim ents a re  l i s t e d .  The sum was them made of a l l  the  flam e le n g th
f ig u r e s  co rrespond ing  to  c e r ta in ' l e v e l  or le v e ls  of th e  fo u r  d i f f e r e n t
in v e s t ig a te d  f a c to r s  (tu b e  le n g th  L, gas p re ssu re  p ,  j e t  d iam eter J  and
sep aration  S ) , and th is  sum entered under the column and opposite to  the
l i n e  co rrespond ing  to  th i s  or th e se  l e v e l s 0; Thus, the  f ig u r e  833 ( a t
the  top  l e f t  c o rn e r)  co rresp o n d in g  to  th e  le v e l  (6 f t . )  of th e  f a c to r  L
i s  th e  sum of flam e le n g th  m easurements of 18 experim ents c a r r ie d  ou t
when L was eq u al to  6 f t .  The a r i th m e tic  mean of t h i s  f ig u r e ,  i . e .
0 2 2 .  = 46.3 in c h e s , g iv es  th e  ’’b e s t ” e s tim a te  of th e  le n g th  of th e  
18
v is ib le  flame'when L = 6 f t .  S im ila r ly , the f ig u re  316 shown under
J = 0 .1 66” and opposite  to  P = 1p-” w .g . i s  the sum of 6 experiments 
carried  out when P and J assumed th ese  values r e sp e c t iv e ly , and i t s  
arithm etic mean, 52 .7  in ch es, i s  the "best" estim ate of v is ib le  flame 
length  in  th is  c a se . ' In  the seme way, the "best” estim ate of b lock  
No. 3 , fo r  example, i s  the arithm etic mean of the flam e length  readings
of experiments 37 to  54 in c lu s iv e , i . e .  .§2§ = 44*9 in ch es.
18
These estim ates were made fo r  the four v a r ia b les  (L, P, J and S) 
fo r  the three blocks and fo r  the s ix  d if fe r e n t f ir s t -o r d e r  in ter a c tio n s  
of the four v a r ia b le s . (Pn in ter a c tio n  i s  a measure of whether1the 
d if fe r e n t  le v e ls  of any one variab le  d if f e r  by a s im ila r  amount when 
some second v a r ia b le  takes each of i t s  d if fe r e n t  p o ss ib le  le v e ls  in  tu rn .)
The t o t a l  sums of squares of the f i f t y  four measurements were then  
estim ated as equal to  x^ -  (fx )^  where x = any flame length  measurements,
54
Because of the a d d itive  property of sums of square, th is  to t a l  could be 
a llo ca ted  p a r tly  to each v a r ia b le , to  each in te r a c tio n  and to  each b lock  
as shown in  the column headed "corrected, sums of squares”. The res id u a l  
amount r e a l ly  rep resen ts the' more com plicated in ter a c tio n s  and i s  u su a lly  
termed "error e stim a te” as i t  i s  presumed to  measure the experim ental 
error of the s e t  of readings under study* Thus, a f te r  d iv id in g  the  
a llo ca ted  sums of squares between the d if fe r e n t  degrees o f freedom, the  
mean sum of squares, i . e .  the variance of each e f f e c t  was compared w ith  
th at of the error , i . e .  with- the res id u a l variance, and the r a t io 1 between 
them entered under the heading "variance r a t io ”. By comparison -with 
published ta b le s , i t  could be 'seen that the fa c to r s  L, P, J and PJ had a 
’’s ig n if ic a n t ” e f f e c t  on^  the length  of the v i s ib le  flame a t a 0.01 
s ig n if ic a n c e ,le v e l .  This means th at the odds are 99:1 aga in st the 
observed e f f e c t  being due to chance and not r e a l cau ses.
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Once the " sig n ifica n t"  fa c to r s  were known, the nature and magnitude 
of the r e la t io n  between them and the flame len gth  oould be e a s i ly  
determined* For example, from the f ig u re s  916, 813, 736 in  Table 8 
corresponding to  the high,medium and low le v e ls  of P r e sp e c t iv e ly , i t  
can be e a s i ly  deduced th at the flame length  in creases LIMh’dPiLY w ith  'gas 
pressure P and th a t the change in  flame length  due to  a change in  gas 
XDressure from i t s  average value V  to  a new value p is  equal to  
10 (P -  1) inches#
Further d e ta ils  of th ese s t a t i s t i c a l  analyses are beyond the scope 
of th is  t h e s is .  However, from the above example i t  can be seen that 
i t  Yiras p o ss ib le  arrive at mathematical expressions rep resen ting  
the r e la t io n  between the d if fe r e n t properties of the system ( e .g .  flam e 
len g th , flam e temperature and e m is s iv ity , a ir  entrainment e t c . )  and the
I x
independent fa c to r s  L, P , J and S, togeth er w ith th e ir  in te r a c t io n s .
Because in  95p- of thexcases the d ifferen ce  between the actu a l and 
predicted  values obtained from such mathematical equations w i l l  be le s s  
than t  tw ice the standard d ev ia tio n , every equation was bound to  g iv e  
values l ia b le  to  an error equal to  th is  va lu e , i . e .  equal to  ± 2
{/resid u a l'v a r ia n ce .
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P A 11 T VI 
DISCUSSION OP RESULTS ' . '
V I. 1 . AIR ENTRAIMlBHTo
The ra te  of a ir  entrainm ent in  the system was found to he a ffec ted  
hy the fa c to r s  L (the tube length  or h e ig h t) , J (the j e t  diam eter) and 
the in te r a c tio n  PJ (where P i s  the gas p ressu re).
The chimney e f f e c t  -  represented by L -  was c le a r ly  the most 
e f f e c t iv e  fa c to r  on the a ir  r a te , the la t t e r  in creasin g  w ith  L as shown 
by the curve in  P ig . 14(a)® . . .
An in crease  in  the j e t  diameter J resu lted  in  an almost lin e a r  
decrease in  the rate  of a ir  entrainment as shown in  Pig® 14(g)® This 
i s  explained by the fa c t  th at in crea sin g  J means reducing the space 
between the gas stream and the tube w a ll where th e a ir  entrainment takes  
p la ce .
The gas pressure p and the separation  S had no s ig n if ic a n t  e f f e c t  
on a ir  entrainment (F ig , 1 4 (b ), (d))®
The e f f e c t  o f the in te r a c tio n  PJ showed th at a combination o f the 
h ig h est gas pressure (l-g-M w*gc ) and the low est j e t  diameter (0 ,1 4 4 ”) 
resu lted  in  a h igher ra te  of a ir  entrainm entc
This can be explained by the known fa c t  th at the a ir  entrained  i s  
a fu n ctio n  of gas momentum® However, i t  seems from the above th at the 
gas momentum i s  not between the major fa c to r s  a f fe c t in g  the a ir  
entrainment in  the system concerned in  th is  wrork®
The e f f e c t  of the above fa c to r s  could be r e a d ily  expressed  
m athem atically in  the shape of the fo llo w in g  eq u a tion :-
\ v —6if—
Q = 11*6 L + i-UiP + (426 -  870P) J + 1 9 0 .........
where Q = ra te  o f a ir  entrained . . . .c u .fto /h r *
L = len gth  (h eig h t) of h eatin g  tube . . . . . f t .  
p  = gas pressure before je t  . . . . . . . .  U . . .in ch es w*g.
J = j e t  diam eter . ............ . . . . . . . . . . . . . . inches
Because the standard d ev ia tio n  in  Q -  from the s t a t i s t i c a l  a n a ly s is  -  
i s  equal to  15 cu 9f t . / h r . , values of a ir  ra te  obtained from equation(T) 
are l ia b le  to  an error of £ 50 cu e ftj/h r*  (The average ra te  of a ir  ' - 
entrainment in  the 5^ experiments was equal to  327 c u . f t . /h r .  )*
Excess A ir .
The f ig u r e s  rep resen tin g  the a ir  entrained in  the system in  excess  
to  the th e o r e tic a l requirements o f combustion r e la ted  to  the la t t e r  as 
a percentage ( i . e 0 excess a ir )  w e r e  a lso  analysed s t a t i s t i c a l l y .  The 
a n a ly s is  showed the fo llo w in g .
The per cent excess  a ir  increased  w ith  the tube len gth  L but 
decreased almost l in e a r ly  w ith  the gas pressure p and a lso  w ith  th e  j e t
diam eter J® The sep aration  S had no e f f e c t  on the excess a ir  (see
Pig® 1.4 (a ) , (b) ,  ( c ) ,  ( d ) ) .  The in te r a c tio n  PJ showed that t h e '
red u ction  in  the excess a ir  by in crea s in g  P became more pronounced as J
diminished,, and th a t, th ere fo re , a com bination o f  the sm a llest j e t  
(o«144 diam eter) and the-'low est gas pressure (-g-1’ w.g«)  resu lted  in  the  
h ig h est value of excess air* '
111 the above e f f e c t s  o f L, P and J on excess a ir  are s e l f -  
explanatory® in crea s in g  S from 1 to  4 inches did not seem to  have any 
e f f e c t  on the a ir ,  but i t  can be assumed .th at i f  S fu rth er  in creased ,
I then t h e _amount of a ir  entrained (and consequently the excess  a ir )  in
- 65-  . '
olec
the system w i l l  s ta r t  to  in crea se .
An equation g iv in g  the percentage excess a ir  d ir e c t ly  in  terms of 
L, P , J and S could he derived from the above mentioned a n a ly s is  and i s  
given below :-
/  Excess a ir  = 7L + (107P -  570)P + (59260J + 1430P -  2 # ) j  + 2680 .. @  
Where L = tube len gth  (h eigh t) . f t .
P = gas pressure before j e t   ........... . . i n .  w,g*
and J = je t  diam eter  ...........    inches
Values obtained from e q u a tio n (2 jw ill be l ia b le  to  an error of £ 3 3 / *
(The percentage excess a ir  in  the system v<ras found to  vary between 1 $  and 
3 0 8 /  w ith  an average of 10 3 / 9 the a ir  entrained in  the system was,
on the average, more than tw ice the th e o r e t ic a l requirement of the 
combustion reaction© This account does not include the cases o f some 
experiments where the v i s ib le  flame extended beyond the top of the 
heatin g  tube, thus making im possib le any " flu e” gas a n a ly sis  and, 
consequently , an assessm ent of the amount of a ir  en tra in ed ).
VI. 2. LENGTH OF VISIBLE FLAME.
This c h a r a c te r is t ic  of the luminous flame which i s  c lo s e ly  re la ted  
to  i t s  ra d ia tio n  p rop erties was found to  be in fluen ced  by the fa c to r s  
P (gas p ressu re ), J ( j e t  diam eter) and the in ter a c tio n s  U  and PJ.
Thus, the g en era lly  protracted length  o f the v i s ib le  flame did not 
change w ith  the tube len gth  L* I t  would be expected th a t by in crea sin g  
L and consequently the volume of a ir  en tra ined , the combustion would be 
completed in  a sh orter  time r e su lt in g  in  a shorter v is ib le  flam e,
’ However, in. f a c t  i t  was found th at by in creasin g  L the len gth  of the 
v i s ib le  flam e was increased  very s l ig h t ly  g iv in g  i t  a "drawn out”
too
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appearance. I t  seemed th at in crea sin g  the rate  of a ir  entrainment in  
th is  case -was not accompanied by b e tte r  mixing of gas and a ir .  I t  
would seem th erefore th a t the mechanism of combustion remained 
predominantly d if fu s io n a l ,  the a ir  mixing w ith  the gas by d if fu s io n  
rather than by turbulence.
The v i s ib le  flame len gth  increased  lin e a r ly  w ith  the gas pressure p  
and a lso  increased  lin e a r ly  and sharply w ith  the j e t  diam eter J .  The 
e f f e c t  of' P i s  obvious aS any in crease  in  i t  means in creasin g  the volume 
of gas burnt w ithout s ig n if ic a n t ly  in creasin g  the a ir  entrainm ent and 
w ith  only l i t t l e  in crease  in  turbulence.' The e f f e c t  of J i s  the more 
obvious as an in crea se  in  i t s  value means in crea sin g  the rate o f gas 
consumed and sim ultaneously  decreasing the ra te  of a ir  en tra ined .
The separation  S had no e f f e c t  on the flam e length  and in crea sin g  
i t  from 1 to  4 in .  m erely s h if te d  the flame about 3 inches out of the  
tube.
The above e f f e c t s  of L? P, J and S on the flam e len gth  are shown 
gra p h ica lly  in  Fig*. 15®
The f i r s t  order in te r a c tio n  U  showed th a t the in crease  in  the 
len gth  of the v i s ib le  flame by in crea sin g  J was more pronounced Y/hen L 
was equal to  6 f t .
The in te r a c tio n  PJ in d icated  th at the lin e a r  in crea se  in  the' 
v is ib le  flame len gth  caused by in creasin g  P became steep er  as J in creased .
From th is  a n a ly s is , i t  Y/as p o ss ib le  to  r e la te  the v is ib le  flam e 
len gth  to  the fa c to r s  L, P, J and S as fo l lo w s i
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X = ~ ' i C , %  ~  253P + (1021. + 27<x>p -  6870P J + 6870J -  2611 ) j  + 274 . . . . ( D  
vdiere X = le n g th  o f  v i s ib le  flam e measured from th e  gas j e t  . . . • • i n c h e s
L =s tube  le n g th  (h e ig h t)  • • • ^ • • . • • • • . . . . . . . .  ......... • • • • • • . • • f t *
P = gas p re s su re  b e fo re  j e t  • . . . . ................in .w .g*
J  3 j e t  d i a m e te r ............................   • • • • • . . . . • • • • • • . i n c h e s
E quation (3 ) w i l l  g ive  v a lu es  o f flam e le n g th  l i a b l e  to  an e r r o r  of 
± 7 in ch es  (average flam e le n g th  in  th e  experim ents o f th i s  work was «
46 in c h e s ) .
E qu a tio n  3 has been used to  com pile th e  s e t  o f curves shown in  
P ig . i 6c tfep re sea tin g  le v e ls  of c o n s ta n t flam e le n g th  in  term s o f  P
and J .  This s e t  o f cu rves was compared w ith  (by superim posing) an o th e r
i '
two s e t s ' o f cu rves (shown in  Fig* 16<)? one re p re s e n tin g  d i f f e r e n t  le v e l s  
of gas r a t e  and th e  o th e r  of gas momentum f lu x  in  term s of p  and J*
I t  was in t e r e s t in g  to  observe th a t  the  curves o f flam e le n g th  fo llo w ed  
the  p a t te r n  of th e  cu rves of gas r a t e  (and not o f th o se  o f momentum 
f l u x ) © This showed th e  d i r e c t  r e la t io n s h ip  betw een th e  le n g th  o f th e
v i s ib l e  f.lame in  th e  system  and the q u a n ti ty  o f gas' burn t*
Values-' o f flam e le n g th  o b ta in ed  from  e q u a tio n  3 have been checked 
a g a i r s t  some v a lu es  o b ta in ed  on th e  same app ara tu s  u sing  v a lu es  o f L,
P* J  and G d i f f e r e n t  from  th o se  o r ig in a l ly  used i n  t h i s  w ork, The 
s a t i s f a c to r y  agreem ent betw een th e  two s e ts  o f f ig u r e s  can be seen  i n  
th e  t a b le  below .
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Tube le n g th  
L
f t .
Gas P re s su re  
P
in .  w .g .
J e t
d iam eter
J
in ch es
S e p a ra tio n
S
in ch es
Length of v i s ib le  
flam e -  in ch es
Observed C a lcu la te d
6 0 .9 4  • 0..159 2 37 34
6 1.20 0 .1 4 4 2. 28 28
6 1.40 0 .1 4 4 3 29 26
7 0 .60 0.173 1 39 h h
6 1 .00 0.159 4 38 41
6 0 .5 2 0.159 4 ■29 ' 30
6 0 .57 0.182 4 40 42
6 1 .12 0.182 .4 59 61
V I. 3 . TOTAL HEAT TRANSFER.
The f ig u re s  o f h e a t  r e le a s e  to  th e  fo u r  in d iv id u a l  low er 
c a lo r im e te rs  -  when analysed  s t a t i s t i c a l l y  -  re v e a le d  th e  r e s u l t s  
summarised in  the  fo l lo w in g :-  
For- C a lo rim e te r  No^ 1_
(D  The tube  le n g th  L had no s ig n i f i c a n t  e f f e c t  on r a te  of 
h e a t t r a n s f e r  (F ig . 1 8 (a ) ) .
(2 ) The r a t e  o f h e a t t r a n s f e r  in c re a se d  l i n e a r ly  w ith  th e  
gas p re s su re  P (Fig* 1 8 (h ) ) .  .
(3 ) The r a te  o f h e a t t r a n s f e r  in c re a se d  l in e a r ly  w ith  th e  
j e t  d iam eter J  (Fig* 1 8 (c ) ) .
(A) The r a t e  o f h e a t t r a n s f e r  in c re a se d  l i n e a r ly  w ith  th e  
s e p a ra tio n  S (F ig . I8 ( d } )0
(5) The r a t e  of h e a t t r a n s f e r  in c re a se d  w ith  P more ra p id ly  
f o r  h igh  v a lu es  th an  f o r  low er v a lu es  of JV
(6) The in c re a s e  in  the  r a te  of h e a t t r a n s f e r  w ith  S "became 
more sharp  as P in c re a se d  from  to  1-g-” w .g0
A ll th e  above r e s u l t s  a re  se lf -e x p la n a to ry * . The E ffe c t of the  
s e p a ra t io n  on th e  r a t e  o f h e a t t r a n s f e r  to  th i s  lowermost c a lo r im e te r
-6 9 - • ^
 ^ . ■ t
i s  easy to  understand as in creasin g  S from 1 to  4 inches means s h if t in g  
the flam e 3 iftches downwards* thus rep la c in g  the tte»in c o n ic a l base of the
flam e -  o r ig in a lly  fa c in g  the lowermost ca lorim eter *- by a th ick er
(u su a lly * h o tter ) part of the flam e,
The above r e s u lt s  can be expressed m athem atically in  the fo llo w in g
equation which g iv es  the ra te  of heat tra n sfer  to  the lowermost
ca lorim eter  in  terms of Ly P , J and S : -
H = -  521P + 3057J + (5000J + 44s )P  + S -  473 ................................. • • ©
ca lorim eter  1 ;
Where H = rate of to t a l  h e a t1tra n sfer  to  ca lorim eter 1 . . „ .K .c a ls . /h  
ca lorim eter  1
P —■ gdS prS S S Ure b e f ore je t  0aae.o.»«. . . . aa«aaes. .*o!Ln.  W ago
J   ^J e t  d l ame te r  .4.«Qeeo.00o«aa.a0oo»coa6». .oa. . . . . [Lnpt
S ■= sep aration  between j e t  and base o f tube   *in .
E quation(4)w i l l  g ive  values l ia b le  to  an error of ± 200 K .c a l s . /h r . / f  t .  
(Average value of ^Q-q^OQ^K^caJLs 0/h r ,  ( / f t . )
= IO32O K®cals./m? h r .)
For C alorim eter No«_ 2 J^second ft3ot__le_ngth £f_the^tube upwards) '
(1 ) The ra te  of heat tra n sfer  was not s ig n if ic a n t ly  a ffec ted  
by L (F ig . I 8 ( a ) ) 0
(2) The rate of heat tra n sfer  increased  almost l in e a r ly  w ith
P ? but showed a s l ig h t  curvature fo r  the higher values of
• . ■ '■
P (as shown in  F ig . I 8 ( b ) ) 0 1 „
(3) The rate  of heat tra n sfer  increased  somewhat l in e a r ly  w ith  
J (F ig . 1 8 (c ) ) .
(4)' The ra te  of heat tra n sfer  did not change w ith  S (F ig .1 8 (d )) .
I t  i s  noticed  th at the e f f e c t  of S on the h e a t-tra n sfer  to  the
lowermost ca lorim eter  h as,ceased  opposite to  Calorim eter No* 2.
- 70-  .
The heat' tra n sfer , in  th is  ca se , can he tied  to  L, P, J and S hy the 
folloY dng equation:*^
Hc a l o r S e t e r ^ 80J " 233p2 ~ 136S90J2 -  10S -  5313
Where H = rate  of t o t a l  heat transferred  to  ca lorim eter 2 K .c a ls . /h r .
ca lorim eter 2
and P , J and S have the usual meanings and u n its .
E q u a tio n ^ )w i11 g ive  values l ia b le  to  an error of ± 120 K .c a ls . /h r .
(Average value of ( / f ) =18140  K .ca ls ./m . 2h r .)
For Calorimejter No. 3* 1
d )  The rate o f heat tra n sfer  did not change w ith  L ( F ig . l8 ( a ) ) ,
(2) The rate  of heat tra n sfer  increased  almost l in e a r ly  w ith  
P (F ig , 1 8 (h )) .
(3 ) The rate  o f heat tra n sfer  increased  almost l in e a r ly  w ith
J (F ig . 18( c ) ) .  :
(4 ) The rate  o f heat tra n sfer  decreased w ith  in creasin g  S ( F ig . l8( d ) ) .
Again the e f f e c t s  of L, P and J are se lf-e x p la n a to ry . In creasin g
S which resu lted  in  an in crease  in  H , and no change inca lorim eter 1
^ ca lorim eter  2 now sh™S & neSa t iv s  e f f e o t  on C a lo r im e te r  5* This i s  
a d ir e c t  r e s u lt  of the involved  3 inches doYmward--s h if t in g  o f the flam e.
In  th is  c a se , i t  can he shown th a t : -
H = 315P + k 2 \ 60J -  98950J2 -  29S -  3744  ...................  ®
ca lorim eter  3 '
Where H = rate  of t o t a l  heat tra n sfer  to  Calorim eter 3 . . . . * K .c a ls ./h r . 
ca lorim eter  3
and P , J and S have the usual meanings and. u n its .
.E q uation (?) w i l l  g ive  values l ia b le  to  an error o f  t  85 K .c a ls . /h r .  
(Average value of Hoalorim eter  3 = 710 K .c a ls . /h r .  ( / f t , ) = 14625 K.a&l./iif.Bf.)
For Calorim eter No^ 4-
(1 ) The rate  of heat tra n sfer  did not change w ith L (Fig* 1 8 (a ) ) .
(2 ) The rate  of heat tra n sfer  increased  almost l in e a r ly  w ith  
P (F ig . 1 8 (b )) .
(3) The rate  of heat tra n sfer  increased  lin e a r ly  v\dth 
J (F ig . 1 8 (c ) ) .
' (4 ) The rate  of heat tra n sfer  decreased w ith  in creasin g  
S (F ig . 1 8 (d )) .
The e f f e c t  of S on heat tra n sfer  to  Calorim eter No. 4 was much 
le s s  pronounced than the corresponding e f f e c t  on Calorim eter No. 3*
I t  Y/as th e re fo re  s a fe ly  deduced th a t  th i s  e f f e c t  Y/ould vanish  fo r  h ig h er 
ca lo rim e te rs  (3 and 6) i f  any.
The rate of heat tra n sfer  to  Calorim eter No. 4 can be shcwn^to 
fo llo w  the eq u ation :-
H = 5 3 & P —  142P2 + 7270J r 1058 .......................................  ( j )
ca lorim eter 4
Where H = Rate o f heat tran sfer  to  Calorim eter 4 K .c a ls ./h r oca lorim eter 4
and P and J have the usual meanings and u n its .
E q u a tio n ^ sh o u ld  give r e s u lt s  l ia b le  to  an error of 4 75 K .c a ls . /h r 0
(hverage value of H = 525 K. c a ls  . / l i r .  ( / f  t&)ca lorim eter 4
= 10815 K .c a ls ./m .^ /h r .)
General Heat Transfer.
From above, the heat tra n sfer  from any part of the flam e or the  
combustion products to  the h eatin g  tube as a whole changed w ith  the 
fa c to r s  L, P , J and S in  the manner described b elow :-
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D ISTA N C E FROM BASE OF TUBE -FEET
FIG .17RADIATION AND TOTAL HEAT RELEASE FROM THi
' " 72-  - ,
(1) The tube h eigh t L had tio s ig n if ic a n t  e f f e c t  on the general 
ra te  of heat t fa n s fe r .
(2) The ra te  of heat tra n sfer  increased  lin e a r ly  and rap id ly  
■■with P*
(3) The ra te  o f heat tra n sfer  increased  lin e a r ly  and s te ep ly  
■ w ith  J t ;
- (4) The ra te  of heat tra n sfer  in creased , on the whole, when S
was increased  from 1" to  V  (except in  a few cases where th is  
in crease  in  S meant rep lacin g  a part of the base o f the flame 
• by a part of the combustion products at the top which w i l l
\  tra n sfer  l e s s  heat to  the tu b e). This g ives an easy  way of
in creasin g  the heat, output to  the system and consequently  
improving i t s  t o t a l  e f f ic ie n c y .
The t o t a l  heat tra n sfer  from the flame and combustion products 
along the len g th  o f the v e r t ic a l  heatin g  tube in variab ly  fo llow ed  the 
hunched p attern  shown in  Figy 17* . The peak of th is  curve corresponded 
almost always to  a p o in t o f the jflame some 20 inches from the burner
j e t  (or 18 inches from the base of the tu b e).
. ■ ■. " ■ 1 ' ■ i
I L l J t*- t o t a l  e f f i c i e n c y  o f  t h e  s y s t e m * ' '  . ■
I t  must be mentioned here th a t, in  th is  work, a l l  f ig u r e s  re ferr in g , 
to  heat tra n sfer  to  the ca lorim eters were obtained when the v«rater 
surrounding the h eatin g  tube was merely heated and not brought to  i t s  
b o il in g  p o in t. •■ F igures fo r  the to t a l  e f f ic ie n c y ; o f the system should 
th erefore  only apply to  hot water b o i le r s .  For steam b o i le r s ,  the  
c o e f f ic ie n t  o f heat tra n sfer  on the steam s id e  should be h igher than - 
th at fo r  hot w ater. O verall heat tra n sfer  then should be greater  and
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the to t a l  e f f ic ie n c y  higher than in  the Gase of th is  in v estig a tio n *
, However, the fa c to r s  in v estig a ted  in  th is  work (tube length  L, 
gas pressure P , j e t  diam eter J and sep aration  S) should have the same 
e f f e c t s  on the t o t a l  e f f ic ie n c y  o f the system in b o th  cases* . These 
e f f e c t s  are g iven  below.
The s ig n if ic a n t  fa c to r s  in flu en c in g  the t o t a l  e f f ic ie n c y  of the 
system  were found to be L, S , PJ and ,to  a sm aller e x ten t, J 0
The tube len gth  L was the most s ig n if ic a n t  fa c to r  a ffe c t in g  
e f f ic ie n c y , the la t t e r  in crea sin g  almost l in e a r ly  w ith i t  as shown by 
P ig , 19(a)*' The average to t a l  e f f ic ie n c y  of the system was 55$ when 
L-was equal to  5 f t ,  and i t  increased rou gh ly .a t the ra te  of 6$ per 
fo o t  length  in crease  in  L» The w r iter  recommends the use o f such . 
values fo r  L ranging between 4 and 7 ft* ' ' -
P was found to  have no e f f e c t  on the e f f ic ie n c y  (Fig* 19(b))*
The middle j e t  (0 ,1 66" diam eter) r esu lted  in  a somewhat higher
'  • • ' s. '
e f f ic ie n c y  than in  the case  of the other two je t s  (F ig . 19(c))®
In creasin g  S from 1 to  4 inches resu lted  in  an improvement in  the 
to t a l  e f f ic ie n c y  of the system  averaging 2 $ i(F ig , 19(3))*  Only in  the 
'few  cases where a sm all flam e ( le s s  than 30 c u „ ft0/h r 0 gas) -was burning, 
in  a tube of L = 6 f t ,  (or more, n a tu r a lly ) . did th is  in crease  in  S 
r e s u lt  in  no improvement -  and sometimes, indeed, in  a s l ig h t  reduction  
in  the t o t a l  e ff ic ie n c y *  The explanation  fo r  th is  was g iven  in  . 
S ectio n  V I. 3*
The in te r a c tio n  PJ showed th at the s lig h t:  improvement in  e f f ic ie n c y  
when using the middle je t- in c re a se d -a s  P increased  (from g  to  1gn w ,g»)*
To sum up, the to t a l  e f f ic ie n c y  of the system can he improved b y :-
(1) In creasin g  the tube len g th . This i s  the most important 
'factor*
(2) Making the d istan ce  separating  the je t  and base of the tube 
equal to  4  inohes (except in  the case of sm all flam es f ir in g  
in  lohg tubes)a
(3) Using a j e t  diam eter round about 0 .1 66" (fo r  the 2” diameter- 
heating  tube, naturally)o
A  mathematical expression  g iv in g  the t o t a l  e f f ic ie n c y  o f th is  
system (hot water b o ile r )  was derived and i s  given in  the fo llo w in g :- .  
$T ota l E ff ic ie n c y  = 6.64  L + 23P + (-3280J -  139P + 1229)J + 0 * 3 ^  -  92
» « O o < r o e o * « o o o o o
where L i s  measured in  f e e t ,  P in  inches w .g*, J and S in  in ch es .
E quation(8) should g ive  r e s u lt s  l ia b le  to  an error of £
V I FLAMS TEMSrERiiTURBa,
The use of the su c tio n  pyrometer has made i t  p o ss ib le  to  a scer ta in  
the presence of a temperature gradient (roughly of the shape of an 
inverted  u) across the 2 in . diam eter of the tube* The use of the 
Schmidt method fo r  temperature measurement thus resu lted  in  the  
determ ination of a MEAN value of the temperature. These mean values  
were used as the ,!flame tem perature0 to c a lc u la te  ra d ia tio n  and 
convection  in  the system (S ectio n s VI. 7 p-nd VI# 8)
Apart from the co o lin g  e f f e c t  of the a ir  -  normally entrained as 
an envelope round the flam e -  on the temperature o f the la t t e r ,  the 
w ater-cooled  w a lls  have a fu rth er  co o lin g  e f f e c t  on the a ir  envelope  
and on the flam e i t s e l f *  T h is, togeth er w ith  the nature of the Schmidt 
method in  g iv in g  an estim ate o f the mean tem perature, exp la in s the
0021
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DISTANCE FPjOM B A 5 £  Ol= TUBE~FEET  
FtGOl . CHANGE OF FLAME TEMPERATURE WITH 
a:TUBE LENGTH(0  b:GfeS PRESSURES)C:JET DIAMETERTd SEP^yioNfe)
■' . “75- . ] ■; .
sornewhat low values of temperature measured in  th is  work and given in
Table 3 (the h ig h est temperature measured was only 1330°C.= 2430°F .),
. ) ' . ■ : • .
' In  th is  connection , i t  was noticed  th at the temperature of the
■ : - • 
tube w a ll fo llow ed c lo s e ly  th at of the water in  the calorim eter*
The flame temperature d is tr ib u tio n  along the heatin g  tu b e.fo llow ed
the average p attern  shon in  Fig* 20. This pattern  can be represented
by a com plicated mathematical expression  con ta in in g  terms of the f i r s t ,
second and th ird  order,,
'G enerally , the flam e temperature was found to  change w ith  the fou r
in v e s tig a te d  fa c to r s  (tube length  L, gas pressure P, j e t  diam eter J and
sep aration  S) in  the manner described below® >
S?£e£^_°£. Id® - '
The 3 f t .  tube r e s u lt e d ,’ on the whole, in  a h igher temperature, than 
in  the case of both the 4 ft*  and the 6 f t ,  tubes* Because of the high
' ■ ' i
dependency of a ir  entrainment on L (S ection  YI. 1 ) ,  i t  seemed th at the  
amount of excess a ir  in  the case of the 3 ft*  tube (averaging HOY) - 
provided the optimum cond ition s fo r  in ten se  combustion, whereas the 
4 f t .  tube did not en tra in  enough a ir ,  and the 6 f t .  tube entrained too  
much ”c o ld ,! a ir  th a t had a d ilu t in g  e f f e c t  on the flam e and i t s  products 
However, the combustion products arid, g en era lly , parts of the flam e more 
than 4 f t .  d is ta n t  from the gas j s t  showed a lin e a r  decrease in  
temperature w ith  L (F ig . 2 l ( a ) ) 9 This i s  due to  the corresponding  
in crease  in  a ir  entrainm ent, , -
The temperature of parts of the flam e where the combustion rea ctio n  
took p lace was somewhat higher when P was equal to  i t s  middle value.
( l n w .g * ). The-' temperature of thb combustion products, however,
- 76-  -
increased w ith F as shown in  Fig* 21 (h) obviously  because of the
corresponding decrease in  the r a t io  (see  S ection  VI* i )  which wasfu e l
normally ex ce ss iv e  (average 1 0 # ) .
E f fe c t j e f  J ,
The e f f e c t  of J on the temperature was very s im ila r  to th at of P
(Fig* 21(c))*  The middle j e t  (0„1 665! diam eter) resu lted  in  a higher
flame temperature,, The temperature of the combustion products,
however, increased  w ith an in crease  in  J because of the r a tio
a ir
con sid eration s mentioned above*
E ffe£t__of So
There was no s ig n if ic a n t  e f f e c t  of S on the mean temperature of 
the flame or the combustion products. The in crease  of S from 1" to  
4M, however, resu lted  in  bringing h o tte r  parts of the flame opposite  
to  the lowermost ca lorim eter and in  lowering the temperature of the 
f lu e  hases a t the top end of the tube. This was the reason fo r  the 
observed corresponding improvement in  heat tra n sfer  and to ta l' e ffic i'en cy  
of the system (see  S ection s VT. 3 and VI*. 4)»
E ffec t^ o f the I_atera£tion PJ^
This in te r a c tio n  showed that the mean temperature of the flame and 
i t s  combustion products throughout the tube sta rted  to  in crea se  as P 
increased, from w,g„ to  1" w0g® and a lso  as J increased  from 0.1 W  
to  o*166"a The tem perature, however, tended to decrease again fo r  
fu rth er  in crea ses  in  e ith e r  P or J* Thus, on the average, a 
combination of the middle j e t  (0*166" diam eter) and the middle gas 
pressure (1 M w 0g a ) resu lted  in  a higher temperature. This combination  
of P and J corresponds to  a gas consumption of 39*5 c u * f t , /h r .  .
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(ca lcu la ted  from the equation.: ra te  of gas flow  c u . f t . /h r .  = 1658.5 X 
AK (/P where A = area of j e t  o r i f ic e  sq. in ch es , K = discharge ! 
c o e f f ic ie n t  « 0 .7 7  fo r  the je t s  used in  th is  v/ork, P = gas pressure ■. 
in . Yr.g., d = s p e c if ic  g ra v ity  = 0 oA8 fo r  town g a s ) . This i s
•• A  |
remarkably in  agreement w ith  the v is u a l observations made during th is  N 
work that the luminous flam es r e su lt in g  from the combustion of gas at 
the ra te  of about AO cuaf t * /h r .  or more v/ere, generally], ra ih er  d u ll  
and opaque, th is  d u lln ess  becoming more so with an in crease  in  the gas 
rate  or w ith, a decrease in  the tube len gth  L« On the .other hand, gas 
rates^ le s s  than 40 cu0f t « /h r 0 were observed to  r e s u lt  in  b r ig h t, 
luminous flam e, a s ig n  of a r e la t iv e ly  high temperature# -
VI. 6 . FLAMR EMTSSIVITY g ’
- Throughout the experim ents o f th is  work, the mean flam e e m iss iv ity  
across the 2” diameter o f the heatin g  tube .was found to  vary between a
'minimum of 0.05 and a maximum of 0.14* The pattern  of change of
1 '  '
e m iss iv ity  along the f la m e . length  i s  shown by-the ty p ic a l curve of
F ig . 22. This curve was made from the averages o f the e m iss iv ity  -
measurements o f the d if fe r e n t  experiments of th is  work. This curve, 
as w e ll as a l l  the s im ila r  curves fo r  the in d iv id u a l experiments,:- shows 
a r i s e  ia  the fLame e m iss iv ity  (as one goes fu rth er  from the gas j e t )  - 
up to  a maximum'and then .the e m iss iv ity  drops gradually  to  a p o in t  
corresponding to  the end o f the v is ib le  flam e. The e m is s iv ity  o f the 
combustion products u su a lly  shows a s l ig h t  in crease  again as the gases  
tr a v e l up iihe tube because the e m iss iv ity  from carbon d ioxide and water 
vapour in creases w ith  decreasing temperature (fo r  the range of gas 
temperatures encountered in  th is  work;.
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• The hunch in  the curve of Pig* 22 corresponding to the maximum 
e m iss iv ity  i s  an evidence of the important e f f e c t  on e m iss iv ity  -  and 
consequently ra d ia tio n  of the carbon p a r t ic le s  lib era ted  in  the ' 
luminous part of the flame#
The fa c to r s  s ig n if ic a n t ly  a f fe c t in g  the flam e e m iss iv ity  were 
found to  he the tube len gth  L, the gas pressure p and the- j e t  diam eter J« 
The e f f e c t  of th ese  fa c to rs  i s  described below#
E ffe£ t_ o f L«
The curves in  Pig# 23(a) show, that the 3 f t .  tube resu lted  in  the, 
low est em issiv ity#  This can be explained by the fa c t  mentioned 
e a r lie r  in  S ectio n  VI# 5 * ’that th is  len gth  of tube resu lted  in  the 
entrainment of the optimum amount o f a ir . This ip  turn resu lted  in  a 
more in ten se  combustion which developed a h igher temperature coupled  
'With a reduction  in  the s iz e  of the formed carbon p a r t ic le s .
Ef f  e o t^ o f' P©
This e f f e c t  i s  shown by the curves in  Fig* 23(b)# I t  was c le a r  
th a t the mean e m iss iv ity  of ..the flam e or the combustion products 
increased  almost l in e a r ly  w ith  P throughout the whole len gth  of th e  
tube# ~ v •
E ffe c t_ o f  J 0
\ . '
This e f f e c t  i s  c le a r ly  shown by th-a curves in  Piga 2 3 (c ) ,
.Again,' i t  was easy to  see th at the mean e m is s iv ity  increased  lin e a r ly
w ith 'the. j e t  diam eter along the length  of the flame#
The separation  S was found to  have no e f f e c t  on the flam e
e m iss iv ity  as a w hole. When S was increased  from 1” to  4% the
e m iss iv ity  of the part of the flame opposite the lowermost fo o t  of the
(oO O O  
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tube was increased  as shown in  P ig . 23 (d ). This v/as merely the r e s u lt  
of lowering the h igh  e m is s iv ity  part of the flam e to  the le v e l  of th is  
part of the tubeB ■ '
VI* 7» HEiiT TBINSPEP BY : r '
The r e s u lt s  of th is  work \show th at ra d ia tio n  i s  an important fa c to r  
in  the heat exchange involved  in  the systems. This importance was shown 
by the fa c t  th a t the ra d ia tio n  output to  the system  varied betw een'15^ 
and 31/b of the t o t a l  heat .input ( i« e .  o f the t o t a l  heat in  the burnt 
gas) and between 2&Tand of the t o t a l  heat output ( i« e .  the t o t a l  
heat received  by the c a lo r im eter s). P ig . 17 shows' the ra d ia tio n  and 
t o t a l  heat output to  the system  p lo tted  togeth er  aga in st the lo c a tio n  ' 
along the h eatin g  tube as averaged from the d if fe r e n t  experiments of 
th is  work*  ^ I t  w i l l  be seen from th is  diagram th at ra d ia tio n  i#""the 
predominant fa c to r  in  heat tr a n sfe r  from .the f i r s t  two f e e t  or so"of the 
flam e, but that i t  d ec lin es  in  favour o f convection  heat fo r  la t e r  p arts: 
of the flame®
The curve fo r  ra d ia tio n  a lso  shows th at luminous ra d ia tio n  due to  
incandescent carbon p a r t ic le s  was-much more important than the 
non-luminous ra d ia tio n  from the combustion products®
The ra d ia tio n  from the flam e was found to  change w ith  the 
in v e s tig a te d  fa c to r s  (tube len gth  L, gas pressure p , j e t  diam eter J and 
sep aration  S) in  the manner described below0 .-
• In creasin g  L was found to  have p r a c t ic a lly  no e f f e c t  on the flame 
r a d ia tio n  (Fig® 2 4 (a ) )0 This i s  to  be expected as the e f f e c t  o f L. on- 
the flam e temperature on the one, hand (S ection  V I. 5) counteracts the 
e f f e c t  on the flam e e m iss iv ity  (S ection  V I. 6)» _ .
- 80- i
V I t  was in te r e s t in g 'to  note th a t, by in crea sin g  L from 4  f t*  to  
6 f t . ,  the ra d ia tio n  output "bore the same r a t io  to  the heat input to  
the system , i . e . '  th at the rad iant e f f ic ie n c y  of the flame remained 
constant* The rad iant e f f ic ie n c y  o f the flam e based on the t o t a l  heat 
output, however, decreased l in e a r ly  w ith  Lo This i s  easy to  understand 
as in crea sin g  L m erely provides more heat exchange surface at the top of 
the tube where con vective  heat tra n sfer  i s  the predominant fa c to r  and 
ra d ia tio n  i s  very small*
^ £ e£^°:L  H*
The ra d ia tio n  from the flam e as a whole-showed an almost lin e a r  - 
in crease  w ith  P (p ig . 2 4 (b ))0 This in crease  was not lin e a r  fo r  p arts  
of the flem e from which ra d ia tio n  was a maximum* - ,
I t  was remarkable to  fin d  that th is  in crease  in  ra d ia tio n  w ith  P 
kept in  proportion w ith  the corresponding in crease  in  t o t a l  heat input 
and to t a l  heat-output v/ith  the r e su lt  that the radiant e f f ic ie n c y  of
* or oak p u t  . \ -
the flam e -  based on heat in p u tA-  did not change* This shows that in  
th is  system  making a gas flam e ,!b ig g er” by in creasin g  i t s  .pressure (but 
keeping the je t  diam eter constant) does not a lte r  i t s  radiant e f f ic ie n c y
Apart from the part of the flam e corresponding to  i t s  ra d ia tio n  , 
”peakn, the ra d ia tio n  output increased  lin e a r ly  w ith  J® The ra d ia tio n  
from the ’’peak" part increased  w ith J by an amount which dim inished as 
J grew b igger  (Fig* 2 4 (c ) ) .  This in crease  in  J was found to  be in  a 
bigger  proportion to  the corresponding in crease  in  to t a l  heat input and 
output, so th a t .th e  radiant e f f ic ie n c y  -  based on e i t h e r . t rose* This 
fin d in g  i s  in  agreement w ith  previous s im ila r  researches on gas flam es
7. 59f ir in g  in  the open air-' and in s id e  furnaces*
—81 —»
Now, i t  i s  c le a r  th at the in crease  in  the radiant e f f ic ie n c y  o f " 
the gas flame w ith the gas consumption i s  achieved by using a b igger j e t  
'diameter and not by in crea sin g  the gas pressure®
E S *  '
In creasin g  S from 1” to  4 1  resu lted  in  no s ig n if ic a n t  change in  the
flame ra d ia tio n  (except fo r  some s h if t in g  downwards of the ra d ia tion
sones of the flam e (Fig* 2 4 (d ) ) ) .  This in crease  in  S, th ere fo re , had
no e f f e c t  on the radiant e f f ic ie n c y  of. the flame as based on the heat
input* However, Increasing S from 1 to  4 inches re su lted  in  s l ig h t ly
in creasin g  the convection  heat output and t h i s ,  in  turn , caused a drop
in  th e /ra d ia tio n  o u t p u t i o ® '
\ t o t a l  heaT~outpuy ' ' ' v
This in te r a c tio n  showed th at the ra d ia tio n  output increased  w ith  
the product PJ and th a t , on the w hole, the in crease  in  ra d ia tio n  w ith  J 
became le s s  marked as P increased® . ■
Effec_t__pf the in te r a c t io n  JS«_ '
This in te r a c tio n  showed th at the increased  in  ra d ia tio n  to  the  
lowermost fo o t  of the tube (or ca lorim eter) by in crea sin g  S became more 
marked as J in creased , and th a t , on the other hand, the corresponding  
decrease in  ra d ia tio n  to  h igher parts of the tube became more marked as 
J decreased®
From an a n a ly sis  o f the above fa c to r s , the radiant e f f ic ie n c y  of 
the system as percentage of the to t a l  heat input or the t o t a l  heat 
output to  the system could be r e la ted  to  the fa c to rs  L, P , J and S by 
the fo llo w in g  two eq u a tio n s:-
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ER i= -  10.7L + 23P +J(1520 -  1 W  -  4920J + . i 8 s ) - 3 S  -  89
and EE = -  4.5L + 17.5P+J(358’-  103P -  153J + 2 6 s ) -4 .8 s  + 24  _____ . . . . .  @
where Ep = radiant e f f ic ie n c y  percent of the net ca lorific?  value of 
1 the "burnt gas
Ep = radiant e f f ic ie n c y  percent of the to t a l  heat output to
the system
. L = tube len gth  ft® . '
P = gas pressure before j e t  in* Wg« •
J = j e t  diam eter inches \  '
Equation (5) W ill be l ia b le  to  an error of t  7 .
and Equation (J5) W ill be l ia b le  to  an error of £  6 , '  - 
• The change of the radiant e f f ic ie n c y  of the flam e w ith  the four  
fa c to r s  L, P J and S i s  represented  by the curves of Pig* 25*
' VI* 8, HEAT TRANSFER BY CONVECTION,
Of the fou r in v e s tig a te d  fa c to r s  (tube len gth  L, gas pressure P , 
j e t  diam eter J and separation  S) P and J were' found to  in flu en ce  
s ig n if ic a n t ly  the ra te  of heat tra n sfer  by convection  in  the system .
This ra te  increased  almost l in e a r ly  w ith  P and w ith J (Fig® 2 6 ),
From th is  i t  was p o ss ib le  to  obtain the equation -  g ive  below -- which 
, t i e s  the ra te  of heat tra n sfer  by co n v ec tio n ■ (Hoonv.eo^ on) and P and J :~
' ^convection" +r 3420J -  V+7 ' Ko ca lS o /h r8/ f  t* 0 ^
. The ra te  Hooriveot^otl g iven  by equation 0 )  i s  per fo o t  tube len gth , 
i . e ,  i t  rep resen ts the convected heat to  one ca lorim eter in  the case of • 
the apparatus o f th is  .work. This rate  should th erefore be m u ltip lied , 
by 20<j6 i f  the r e s u lt  i s  to  be in  K *calse/m ,2 hr, or by 1 . 6  i f  the 
r e s u lt  i s  to  be in • B «ThoU ./ft«2 hr.
too
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, , T h e 'c o e ff ic ie n t  of heat tra n sfer  by convection. (<x '■ )s convection '
(obtained by d iv id in g  over the corresponding temperature
drop across the gas f ilm ) was found to  vary roughly between 1 and 3 
B»Thith/hr* ' f t .  °F. according to  the ra te  Hoonv.en^ OCL ranging between 
about 1000 and 5000 B .T h .U ./hr, f t . ^  resp ectiv e ly #  '
This c o e f f ic ie n t  was found to depend m ainly upon, and to  in crease  - 
l in e a r ly  w ith ,’ the gas pressure P (F ig . 27 ). I t  Yiras a lso  found to  
increase l in e a r ly , though to  a much le s s e r  ex ten t -  w ith the tube length
L and the j e t  diameter J . The e f f e c t  of th ese  fa c to r s  on the 
c o e f f ic ie n t  i s  anderstand a b le*
An estim ate of ^ co n v ec tio n  irL 'terms L ari(^  J, was p o ss ib le  and
i s  given below in  the shape of a simple mathematical equation:—
*= 0 o15L + Oo87P + 8.00J ~ 1,29 . . . . . .  . . . . . . . . . . . . .  . . ..............  (12)
convection  v—^
v 2 CD
where ^ c o n v ec tio n  Siveri in  B.Th„Ue/hr, f t .  F . ,  L in  f e e t ,
P in  inches w .g . and J iti in ch es . 4 ,
Equation (T2) w i l l  g ive  an estim ate of ° o onv-ection  *bo an
error of t  0 ,09  B .T h .U ./h r .ft# ^  °P«
I
I t  must be emphasised here th a t th is  c o e f f ic ie n t  -  i f  derved from 
equation 12 -  should be-used in  connection w ith  temperature drops
c a lcu la ted  by taking the d ifferen ce  between the average tube w a ll  
temperature and .the flam e-gas temperature as averaged throughout the 
whole of. the tube, ■ In  th is  work, th is  average flam e-gas temperature 
was obtained as the arithm etic average along the tube of the d if fe r e n t  
mean temperatures measured 'across the 2U diam eter.
I t  was found th a t the c o e f f ic ie n t  of heat tr a n sfe r  by convection
ft '
obtained in  th is  work agreed w e ll w ith  th a t ca lcu la ted  fo r  natural' 
con vection  in  v e r t ic a l  tubes according to  the s im p lified  eq u ation :-
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^ co n v ec tio n  = ° ’ ’ ® (temperature drop)0”2?
(see  reference No, 47, page 98)0 
I n  Fig* 28, the s tr a ig h t l in e  represents the c o e f f ic ie n t  
^ c o n v e c t io n  aS cal GU-*-a'te  ^ f r om the-above equation* The p o in ts around 
i t  represent the c o e f f ic ie n t  as measured in  the d if fe r e n t  experiments 
of th is  work* The sc a tte r  of th ese p o in ts around the l in e  -  
consid erin g  the sc a le  to which the drawing v/as made -  i s  not ■
u n sa tis fa c to ry . Most of the p o in ts  above the l in e  represent 
^ co n v ectio n  w^ etl "^*iie Sas consumption was roughly more than 60 c u . f t . /h r  
> This makes i t  acceptable th at -  except fo r  gas consumption over 60 
c u . f t . / h r  -  the con vective  heat tra n sfer  in  the system  i s  purely  by 
natural convection*
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, P I E T  VII  .
SULSEiRY AMD CONCLUSIONS
Prom the foregoin g  d iscu ss io n , i t  i s  c le a r  that the a ir  entrained  
in  the system w ith which th is  work i s  concerned was appreciably in  excess
of the th e o r e tic a l, qu antity  required fo r  combustion (ex cess  a ir  ranged
\
between 0 /  and 31Q/ w ith  an average of 103/  of the th e o r e t ic a l requirement),, 
This qu antity  was found to increase mainly and almost l in e a r ly  w ith the 
tube length® Most of the a ir  seemed to  flo w  in  a stream lined layer  
between the luminous flame and the tube w a ll, so th at the mixing of a ir  
and gas was m ainly a d if fu s io n a l process* Even when the gas ra te  was 
increased  u n t i l  turbulence was reached and the flam e sta r ted  to roar, 
there was' no marked improvement in  th is  mixing as judged by the len gth  of 
the v is ib le  flame or by the ra d ia tio n  and to t a l  heat transm ission  from 
the flam e, a l l  of which remained almost unchanged0
In creasin g  the j e t  diameter was found to  be the most e f f e c t iv e  way 
of reducing the volume of entrained air* T h is, in  turn, resuted  in  an 
in crease  in  the flame len gth , in  the flame e m is s iv ity  and, hence, in  the 
r a d ia tio n  output of' the flame* - , ■
In creasin g  the gas pressure a lso  -  though to  a le s s e r  ex ten t -  
reduced the excess a ir  in  the system*
Because of the above mentioned e f f e c t  of the j e t  diam eter on the 
a ir  entrainment and consequently on the flame len g th , i t  was in v a r ia b ly  
found th a t, fo r  a c e r ta in  tube len g th , the qu antity  of gas which could  
be com pletely burned in  the tube increased, w ith  a decrease in  je t  
diam eter. > Thus, fo r  a tube length  of 4 f t . ,  i t  $as found p o ss ib le
to  "burn, gas com pletely at a ra te  up to 40 o y u ft ./h r . using the 0 .189” 
diam eter j e t ,  hut up to 50 c u . f t . /h r .  using the 0 . 166” diam eter j e t .
G-as of a h igher rate could he com pletely burned in  the same tube using  
the 0.14V* diam eter j e t  i f  enough gas pressure was availab le*  For a
5 f t .  long tube, the upper l im its  fo r  gas consumption are 50. c u . f t . /h r .  
and 60 c u . f t . / h r .  using the. 0.189" diam eter j e t  and th e -0. 166” j e t  
r e sp e c t iv e ly . For a 6 f t .  long tube, the lim its -  a r e ,55~6o(depending
. on th e 'je i- tu b e  separation  used^and 65-70 r e s p e c t iv e ly . ,
The t o t a l  e f f ic ie n c y  of the system was found to  improve s l ig h t ly  by 
in creasin g  the d istan ce  separating the j e t  and the lower end of the tube 
from 1 to  4 in ch es, but much more by in creasin g  the tube length .; ■ For 
maximum e f f ic ie n c y , the sep aration  should be l e f t  at about 1 ” fo r  gas 
consumptions le s s  than 30 c u . f t . / h r , ,  and increased  up to  4" f o r  h igher  
r a te s  (see  S ection s V I. 3 and' VI. 4)« The e f f e c t  o f . in creasin g  the' 
tube length  on improving the to t a l  e f f ic ie n c y  of the system  was found to  
be p a r t ia l ly  o f f s e t  by the corresponding in crease  in  a ir  entrainment 
which in v a r ia b ly  resu lted  in  a h igher f lu e  lo s s .  This can be remedied , 
by using la rger  j e t  diam eters w ith  longer tubes and v ic e  versa . Thus,
X tfthe w r iter  su ggests the use of a j e t  diam eter of about ^ fo r  a ■
16
6 f t .  long, 2" diam eter, tube, a j e t  diam eter of about 1 1  (or s l ig h t ly
64' Ol!
l e s s )  fo r  a 5 f t .  long tube and a j e t  diam eter s l ig h t l y  la rg er  than ^  
fo r  a 4 f t*  long tube. \
In  nearly  a l l  the experiments where the gas was com pletely  burned 
w ith in  the heatin g  tube i t  was noticed  that the ra d ia tio n  from parts of 
■ the combustion products im m ediately fo llo w in g ’'.the t ip  of the flam e as 
measured by the ra d ia tio n  pyrometer was somewhat higher than th at
ca lcu la ted  fo r  non-luminous gases (although the two values agreed fo r  
la te r  parts of the combustion prod u cts). This supports the suggestion  
of the ex isten ce  of the a fterg low  phenomenon (referred  to  on page 22). 
However, the magnitude of th is  type of ra d ia tio n  i s  to o -sm a ll to  he o f 
p r a c t ic a l v a lu e .
The luminous ra d ia tio n  from the flame has proved to  he of great 
importance and due a tte n tio n  should th erefore  he paid to  the fa c to r s  
improving i t  such as in creasin g  the je t  diam eter.
Because nearly  a l l  the fa c to r s  improving the flam e ra d ia tio n  lead  
to  a lengthening of the flam e, the d i f f i c u l t y  of providing a s u f f ic ie n t ly  
long tube has to  be overcome* One obvious so lu tio n  to  th is  problem i s  
the use of turbulence promoters (referred  to  on pages 9? 10) to  speed 
up the combustion rea c tio n  and to  improve convection  in  the la te  parts  
of the flame where ra d ia tio n  has ceased to be of importance in  the heat 
transm ission  process.'
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A P P E N D I X  1
measurement op flame temperature and em issivity
BY THE SCHMIDT METHOD ______ __
i
I n ' i 909* H® S ch m id t^ , using the arrangement shown opposite in  
F ig . 29* made the fo llo w in g  con sid eration  
"Let the qu an tity  of energy which f a l l s  on to  the junctions of the 
ra d ia tio n  therm opile from the Nernst Lamp alone he E^o I f  now the 
bunsen flame i s  brought in to  the ra d ia tio n  path, then i f  i t s  
a b so rp tiv ity  i s  the p rev io u sly  mentioned quantity  of energy, , 
i s  reduced to  E^  (1 -  A.); on the other hand, the ra d ia tio n  of the 
bunsen flame i t s e l f  i s  to  be added so th at the r e su lt in g  energy vdiieh 
a c tu a lly  g e ts  to the ju nction  i s  Eg where;
E2 = E1 (1 -  A.) + E  ^
and E-^  i s  the energy em itted from the flam e itse lf®  The la t t e r  one 
can be obtained by i t s e l f  when the sh ie ld  Z i s  closed® The portion  
absorbed by the flam e of the ra d ia tio n  from the Nernst lamp i s  
consequently;
E„|A = E1 -  E.,(1 -  A )  = E., -  (Eo -  E3 ) 
and one obtains fo r  the a b so rp tiv ity : ,
a = E,  -  (e 2 - e 3 ) . ' ■
E1
In  t h i s ,  i t  i s .  assumed th at the w hole'reduction  which the qu antity  of 
energy E^  su ffe r s  on b r in gin g  the bunsen flame ijito  the ra d ia tio n  path  
depends only on the absorption and thus th a t the flame r e f le c t s  no 
ra d ia tion ."
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The above mentioned theory "by Schmidt can he put in  a s l ig h t ly  
d if fe r e n t  form®
Let us f i r s t  consider that the Nernst lamp is  replaced by a 
standard rad ia tor  of e m iss iv ity  = 1 (b lack body), and that the 
spectrom etric arrangement i s  rep laced by a to ta l-r a d ia t io n  therm opile 
f i t t e d  w ith a diaphragm-tube so that -  when sigh ted  on the standard 
ra d ia tor  -  i t s  angle of v is io n  should be confined to  the surface of 
the latter®
.Now, the r a d ia tio n  -  when the. diaphragm pyrometer i s  s igh ted  on
the flame alone ~ should be equal to  R^  = <3*ep Tp . . . . ......... .
■where 0  .= Stefan-Boltzmann. con stan t, e^ = flame e m is s iv ity  at the 
flame temperature Tp® ,
The ra d ia tio n  from the standard rad iator alone should be
    ©
where T  ^ = b lack body temperature^
D
and the ra d ia tio n  from the.flam e w ith  the b lack  body ta rg et behind i t
should equal to  -
\
s 2  = ®ef  I f  + CT 5©  (1 -  af s )  .................. . .  ©
where = a b so rtu r ity  of the flame fo r  ra d ia tio n  from the b lack  body 
B
at temperature T-g®
Now i f  the flame is .  grey, d r  i f  Tg = Tp?
and equation (To) becomes R2 -<^ep Tp^ +(?T-g^(l -  ep)  ....................  (Td)
S u b stitu tin g  from and (lb) in to  _ (id):
. 0 R2 = R^  +' R^  (1 ~ ep)
iceo ep = ~ -^ 2 + -^ 3 (Te) . ' v
*3 . ' ■ , :
These two equations 1e and 1f show that the flam e em iss iv ity  
and temperature can he estim ated from three ra d ia tio n  measurements
This su ggests the procedure described on pages 57* 5b of measuring 
the ra d ia tio n  from the flame w ith  the standard rad iator behind i t  s e t , \  
s u c c e s s iv e ly , at two temperatures T^  and Tg which should be very c lo se  
to  the guessed flame temperature T.p. I f  th ese two readings are 
represented by two po in ts  on coord inates o f temperature as a b sc issa  and 
ra d ia tio n  .as ordinates (see  F ig 0 13)> then the l in e  jo in in g  th ese  two 
p oin ts should in tercep t, the curve rep resen ting  ra d ia tio n  from the 
standard rad ia tor  alone (R^) at s. point corresponding -  on the a b sc issa  
to  the flam e temperature Tp and cn the ordinate to  the reading R30
(R 9 R_, and R ) provided that the flame is  g r e y  or th at the temperature 
1 d 3
of the b lack  body Tg i s  equal to 'th a t  of the flame T-p0 
For non-grey flam es, i f  Tg = Tg*
I . 6® from equation Id , Rp = 6 Tg ‘^= R3
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A P P E N D I X  2 
COMPUTATION OF FLAME' EXPIATION
The gas flame and i t s  combustion. products com pletely f i l l e d  -  
exoepr in  few cases described below -  the 2U diam eter tabs along i t s  
whole lengths The problem of ra d ia tio n  from the flame to  the w a lls  
of the h eatin g  tube i s ,  th ere fo re , th at of ra d ia tio n  from a cy lin d er  o f  
flam e 2” diam eter and 4^6 f e e t  h igh to  an enveloping m e ta llic  cy lin d er  
of id e n t ic a l  dimensions*
i -• '■ •
Because of the p i te llin g  and soot d ep o sitio n  on the tube w a lls , i t  
can be assumed -  w ith  Very l i t t l e  error -  th at the e m iss iv ity  o f the 
w a ll surface i s  equal to  1 . Now l e t  us d iv id e  the c y lin d e r 'o f  flam e 
in to  61* high cylinders^  one on top o f the other* Iri a luminous flame 
there are no sudden Changes in  temperature or e m iss iv ity  along i t s  
len gth  (se  P igs* 20, 22)* T herefore, i t  can be assumed *  w ith  l i t t l e  
inaccuracy -  th a t the ra d ia tio n  interchange between the d if fe r e n t  
2 ,} diam eter, 6” h igh , cy lin d ers  i s  n eg lig ib le^  The problem of flam e 
ra d ia tio n  thus reduces -to th at of ra d ia tio n  from th ese 6” cy lin d ers  to  
the enveloping d im en sio n a lly -id en tica l parts of the heatin g  tube*
I f  the Schmidt method (Appendix 1) i s  used to  measure the 
tem perature, e m is s iv ity  and ra d ia tio n  from the flam e, the t o t a l -
f
ra d ia tio n  diaphragm pyrometer and the b lack  body furnace necessary fo r  
the process can be a lign ed  as shown in  Fig» 30* The dimensions of the  
diaphragm-tube (Fig* 10) and of the s id e -tu b es  are so chosen th a t the  
s o lid  angle sublended by the P '  r ece iv in g  surface o f the therm opile at 
the end diaphragm i s  equal to  0 .0028 s tera d ia n s . With th is  an g le , the
-9 2 -
r ece iv in g  surfaoe of the p i le  cannot see  any of the w a lls , of the s id e -tu b es
or of the furnace* Only a c ir c le  of diameter of the h lack  hody
ta rg e t can he seen under these co n d it io n s . ( i t  i s  f r e e ly  admitted here
th at th is  angle does not allow  a h ig  heat output from the flam e, thus
in crea sin g  the l i a b i l i t y  to  error in  the diaphragm pyrometer readings*)
, Now the r a d ia tio n  from the 2U diam eter, 6” h igh , cy lin d er  o f flam e :
to  the enveloping m e ta llic  w a ll i s  equal to
6 e f  x  area o f flame envelope (where ep = flam e e m iss iv ity
T? * temperature
= Stefan-Boltam ann  
con stan t)
Thus, i f  the rad i a t on pyrometer i s  Sighted on the flame a lone, i t  
should g ive a reading equal to , K (Step Tp -^ area o f flam e envelope) 
where K =  a constant rep resen tin g  the output of the instrum ent 
■ a slope of the. average c a lib r a t io n  curve in  Fig* 12
» 0*18   ..M *...... .. .
cals*/cm * /s e c *
Using the Schmidt technique * Tp v / i l l  be made equal to  Tg (temperature ^
o f b la ck  body ta r g e t)
>** R adiation  from the 6” flam e cy lin d er  i s  equal to
K (STg^ ep area)
S u b stitu tin g  fo r  ep from equation( lh  iippendix 1 ) ,
This ra d ia tio n  = K <o Tg^ 5 l  area == K <o Tg^ R-j area
r 3 6-t^ -
= K R | area = 0*18 x 240 c a ls* /se c *
?- 8400 R«| K .c a ls . /h r » • • « • • • • % • . • » • « • . • • *  (2a)
where R^  = pyrometer reading s ig h ted  on the flam e alone (m .v .) 
For the combustion products, the r a d ia tio n  from the s im ila r  
6” cy lin d ers  w i l l  be equal to
< 3 G f  T-p2*- a re a  = ( 6 T f M  e* 09. x .3,60,0
1000
= 864 ef  ( S ' T f K .  o a l s a /h r .  . . . . . . .
i f  ( 0  T j i s  e s tim a te d  from  the gas tem peratu re  *- measured by the  
s u c tio n  pyrom eter -  i n ,c a l s . / c m .^ / s e c .
Where Sm all gas j e t s  and a sm all s e p a ra tio n  (betw een th e  j e t  and 
b ase  of the  tu b e ) a re  used, th e  gas flam e does not u s u a lly  meet th e  
w a lls  of the tube  ex cep t a t  some le v e l  h ig h e r  than  i t s  base* I n  t h i s ,  
c a se ,'w h e n  s ig h tin g  on th e  flam e th rough  th e  s id e  tu b e s , the flam e 
to g e th e r  w ith  i t s  com bustion p ro ducts  w i l l  no t be found to  f i l l  th e
y
2” w id th  of the  tube ( th i s  i s  u s u a lly  marked by th e  absence of any 
condensed w ater on the  s id e - tu b e s ) .  F o r such flam e c y l in d e r s ,  a f a o to r  
has to  be in tro d u ced  in to  e q u a tio n  2a to .a l lo w  f o r  th e  re d u c tio n  in  
th e  r a d ia t in g  a re a  of th e  flam e envelope ( th e  new .area b e in g  le s s  th an  
240 cm. )* The r a d ia t io n ,  in  th i s  c a s e , w i l l  be eq u al to
8400 x c o r re c t io n  f a c t o r  x R-j K, c a l s . / h r .   .......................   (2 a )
T his c o r r e c t io n  f a c to r ,  f o r  th e se  few c a s e s , was determ ined  by m easuring 
v i s u a l ly  th e  w id th  of th e  flam e , (T his l a t t e r  measurement had some­
tim es to  be a s c e r ta in e d  by  making probe gas a n a ly s is  a c ro ss  th e  
2” d iam eter of the  tu b e ,)  .
r a d ia t io n  from  th e se  6” h ig h  c y l in d e r s ,  th e  t o t a l  flam e r a d ia t io n  b e in g  
m erely  th e  sum of th e se  in d iv id u a l  v a lu e s . '
E q u a tio n s and were used f o r  th e  assessm ent of th e
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I t  i s  not in ten d ed  to  d e sc r ib e  in  any d e t a i l  the  g e n e ra l, p r in c ip le s  
of ex p erim en ta l d e sig n  and a n a ly s is  in  th i s  appendix s in c e , i n  any 
ev en t, space vrould not p erm it i t*  In s te a d  i t  i s  proposed to  d e a l 
b r i e f l y  w ith  the  th re e  a sp e c ts  of s t a t i s t i c a l  tech n iq u e  which a re  of 
most im portance in  the  p re s e n t experim ent., They are  
( i )  h n a lj^s is  of V arian ce .
. ( i i )  F a c to r i a l  Experim entation®
( i i i )  S ig n if ic a n c e  T ests*
The g e n e ra l problem  of ex p erim en ta l d e sig n  i s  t r e a te d  e x h a u s tiv e ly  in  
"Design of Experim ents'*, R0 ho F is h e r  (O liv e r  and Boyd, 4 th  edn® 1947) 
b u t t h i s  i s  not an easy  book f o r  the  n o n - s t a t i s t i c i a n .
The a n a ly s is  of V ariance i s  a s t a t i s t i c a l  techn ique  of f a i r l y  
re c e n t in t r o d u c t io n .  I t  i s  a 'fo rm  of l e a s t  squares a n a ly s is  and i t s  . 
main a t t r a c t i o n  i s  th e  s im p lic i ty  of the com putations in v o lv ed . T h is 
s im p l ic i ty  d e r iv e s  from  an a d d it iv e  p ro p e rty  of sums of squares which i s  
w e ll  known in  the  th e o ry  of Moments of I n e r t i a  as the p a r a l l e l  ax is  
theorem® The procedure  in  an a n a ly s is  of V ariance  i s  to  c a lc u la te  th e  
sum of the sq uares of th e  d e v ia t io n s  of the ex p erim en ta l f ig u r e s  from  
t h e i r  mean and to  p a r t i t i o n  t h i s  sum of squares in to  term s due to  the  
changes in  ex p e rim en ta l c o n d itio n s  and an unexplained  term , th e  residual®  
The f a c t o r i a l  experim ent i s  a form  of experim ent designed  in  such 
a manner th a t  the  a p p l ic a t io n  of th e  a n a ly s is  o f V ariance to  th e  r e s u l t s  
i s  p a r t i c u l a r l y  sim ple* F u r th e r ? th e  arrangem ent i s  such th a t  a
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maximum of inform ation , i s  ob ta ined  f o r  a g iven  ex p erim en ta l e f f o r t ,  
s in ce  th e  e f f e c t s  of s e v e ra l  v a r ia b le s  ( f a c to r s )  a re  found a t  the sane 
tim e w h ile , i n  a d d it io n , i t  i s  p o s s ib le  to  f in d  out w hether th e re  i s  any 
i n t e r a c t io n  betw een th e  e f f e c t s  of th e  f a c to r s .  I n  b o th  th e se  ways 
th e  f a c t o r i a l  experim ent r e p re s e n ts  an improvement on the  " c l a s s i c a l ” 
(one f a c to r  a t  a  tim e) experim en t.
The procedure in  p re p a rin g  an o rd in a ry  f a c t o r i a l  experim ent i s  
very  s im p le . The f a c to r s  a re  chosen and i t  i s  th en  decided  how many - 
le v e ls  of each a re  r e q u ire d , - The com plete experim ent c o n s is ts  th en  of 
s e p a ra te  experim ents in v o lv in g  a l l  com binations o f the f a c to r s  a t  a l l  
l e v e l s ,  , I n  th e  p re s e n t example th e re  are fo u r  f a c to r s  a t  3 ? 3 , 3 and 
2 le v e ls  g iv in g  in  a l l  3 x  3 x  3 ^  2 =  54 s e p a ra te  ex p erim en ts , .
I t  can be seen  th a t  th e  number of s e p a ra te  experim ents may e a s i ly  become 
unw ieldy b u t th e re  a re  a v a ila b le  d ev ice s  f o r  reduc ing  t h i s  number o r 
f o r  a rra n g in g  th e  experim ents in  groups which can be pe rfo rm ed ■ 
in d ep en d en tly  .of each other*  T his l a t t e r  d e v ice , term ed "b lo ck in g ” , 
has been  a p p lie d  to  th e  p re se n t experim ent to  reduce i t  to  th re e  b lo ck s  
o f 18 experim ents each , A nother advantage of a rra n g in g  the  experim ent 
in  b lo ck s  i s  th a t ,  in  the a n a ly s is ,  allow ance i s  made f o r  d if f e r e n c e s  
b e tw een 'b lo ck s  and th i s  a llow s sm all changes of ap p ara tu s  to  be made 4 
betw een b lo ck s  and a lso  to  some e x te n t a llow s f o r  any tim e tre n d  in  th e  
r e s u l ts *  ' ' ■ .
The co m p u ta tio n a l s id e  of th e  a n a ly s i s ■of th e  r e s u l t s  i s  p a r t i a l l y  
d e sc rib e d  on pages 60-62 and w i l l  not be f u r th e r  d iscu ssed  h e r e , •
The q u e s tio n  of s ig n if ic a n c e  t e s t s  r e q u ire s  some e x p la n a tio n .
I t  i s  ^always assumed in  th e se  t e s t s  th a t  th e  ex p e rim en ta l e r r o r  has th e
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normal (G-aussian) error d is tr ib u tio n  w ith zero mean and th at the other  
parameter of the d is tr ib u t io n , the varian ce, which i s  re la ted  to- the 
numerical magnitude of the errors i s  the same fo r  a l l  experim ents. I t  
i s  a lso  assumed that the errors on d if fe r e n t  experim ents are e n t ir e ly  
unconnected. The A nalysis o f Variance i s  then used to  p a r t it io n  the 
t o t a l  sum of squares (about the grand mean) in to  terms rep resen ting  the 
main e f f e c t s  o f the fa c to r s  and th e ir  in te r a c t io n s , the b lock  d if fe re n c e s  
and the r e s id u a l. The p ro b a b ility  d is tr ib u tio n  of the r e s id u a l sum of 
squares i s  known under the g iven  co n d itio n s as the experim ental erro r .
I t  depends on an in te g e r , always p o s it iv e ,  termed the degrees o f freedom. 
Every term in  the a n a ly s is  of Variance has i t s  own number of degrees  
of freedom. The meaning o f the degrees o f freedom i s  d i f f i c u l t  to  
d escrib e  since  they a r ise  n a tu ra lly  in- the mathematical treatment o f the  
problem, but fo r tu n a te ly  they can be r e a d ily  ca lcu la ted  w ith the aid of 
sim ple r u le s . Roughly they represent the number of independent 
experim ental comparisons represented by the corresponding sum of squares 
in  the a n a ly s is  of varian ce, To each term Iti the a n a ly s is  of variance  
corresponds a mean square which i s  the sum of squares divided by the 
degrees of freedom. The r e s id u a l mean square i s  an unbiased estim ate  
of the variance of the parent normal d is tr ib u t io n .
We s h a ll  now con sid er  the mean square corresponding to  the main 
e f f e c t  of a fa c to r  on the in te r a c tio n  of two e f f e d t s ,  C lea rly  an 
apparent e f f e c t  may be due to  experim ental e rr o r * : We make the
hyp othesis that th is  i s  in  fa c t  so and th a t the true main e f f e c t  or 
in te r a c t io n  of main e f f e c t  i s  n i l .  This i s  termed the n u ll h y p o th esis . 
I f  the n u ll hyp othesis i s  true the mean square i s  another unbiased 
estim ate  of the parent variande, The p ro b a b ility  d is tr ib u t io n  of the
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ratio: ( larger /srn a lier) of two estim ates of a variance has been
.ca lcu la ted  fo r  many combinations of degrees of freedom* The occurrence 
of a very large r a t io  i s  u n lik e ly  and w ith  each r a t io  i s  associa ted  a 
p ro b a b ility  (p) th at such a r a t io  or larger  would occur i f  the n u ll 
hypothesis were tru e . I f  th is  p r o b a b ility  i s  s u f f i c ie n t ly  sm all we 
r e je c t  the n u ll hypothesis and assume that the apparent e f f e c t  i s  real*  
That i s ,  we say the e f f e c t  i s  s ig n if ic a n t .  I't w i l l  be seen th at the 
lower the p ro b a b ility  of the n u ll h yp oth esis, the greater  the s ig n if ic a n c e  
of the e f f e c t .  Common p ro b a b ility  in te r v a ls  used are, p ^ 0*05 -  
not s ig n if ic a n t ,  0 .05  4  P (  0.01 “ s ig n if ic a n t ,  0.01 < p 4  0*001 -  
s tro n g ly  s ig n if ic a n t ,  0.001 p ~ h ig h ly  s ig n ifica n t*
I t  i s  c le a r  th at as each main e f f e c t  or in te r a c tio n  i s  te s te d  a - 
new n u ll hypothesis i s  te s te d  and i f  s u f f ic ie n t  t e s t s  are made the 
u n lik e ly  eveni? w i l l  occur sometime® Since about twenty t e s t s  are made 
in  the experiments of th is  work fo r  each dependent v a r iab le  (tube len g th , 
gas p ressure, j e t  diam eter and sep a ra tio n ), a p r o b a b il ity ^  0*01 i s  not 
p a r tic u la r ly  in te r e s t in g  or sign ifican t®  In  any case  s ig n if ic a n c e  
t e s t s  are in  them selves only in d ica tio n s  to  be used w ith  d is c r e t io n  and 
no'apparent e f f e c t  should be accepted as true s o le ly  because i t  passes  
a s ig n if ic a n c e  t e s t .  The main use of such t e s t s  i s  more to  avoid the  
f r u i t l e s s  in v e s t ig a t io n  of apparent e f fe c t s  which can be adequately- 
explained by the experim ental error.
' - 9 8 -  •
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B* 4 Calorimeter 1 Calcrimeier 2 Calorimeter 3 Calorimeter 4 Calorimeter 5 Calorimeter*6
§ . , g. (lowermost)
c*.    —------    — ----:—  --------- — ---------— ----- ------------ ----- -
tsj cd cd Rate Temp, Rate Temp. Rate Temp, Rate Tempo Rate Temp, Rate Temp,
?  ■ H o Kgyhr, °C. Kgsy&r. °C, K gs^r. °C. I&syta, °C3 Kg3./te*. °C. Kgs^ir. °c.
1 18.0 32,52 35 .6 68® 96 32.2 42.53 35.1 29.60 36,8 72.1,4 24*9 22.61 33.1
2 1 8 .4 31 .94  37*3 66,5 4 29*2 41 * 40 31 .0 28,68 32 ,7 63 o60 24.1 19.02 31 .8
3 1 9 .4 32.50 29,8 50,50 36.5 38,20 37 .9 26,20 37*9 54*60 27.3 17.60 36 .0
4 20,0 32.40 38o6 49,65 35*4 38,20 37*3 25.50 40© 0 51*30 29.1 19 ,74  37 .5
5 20.0 33,20 30o8 49.05 41 *3 38.10 42 .9 25*95 44*5 51.15 30 .9 17.28 43* 2
6 20.5 33*00 30 .7 48.90 37*3 37*80 36,3 26d 8 37 .9 51.60 28.0 16.45 3 7 ,2
7 19.5 116*80 3 0 ,2 67.00 40 .9 80,40 3 2 ,4 74* 40 31*2 42*50 35*9
8 19 .2 48.30 27.0 61,80 29,7 80*60 25o9 53*10 27*0 41.30 27*0
9 21 .4 44*32 33 .5 39.80 35 ,6 27.69 36o6 24.38 35*4 36,40 29.7
10 21.8 16®50 3 1 .9 37.90 36 .6 25*53 41.7 21 * 96 39*4 33 .30 31*9
11 21 .2 15,06 33.3 37.08 37*9 24.72 41 • 9 20 0 94 3 8 .9 32*80 31 *4
12 21.3 113,40 27*3 56,40 47 .2 75,60 35.6 52,80 3606 35 .20 40* 0
13 2 1 .4 35*70 26,1 29.93 34.3 46,40 29o4 21 *68 3 3 .2
14 21.6 34,73 25.2 29.10 33*5 46,00 29,3 21 *00 33 .6
15 2 1 .4 89,60 3 1 .8 52.50 43.6 52.56  36 ,7 60,75 3 1 .6
16 ' 21.3 89.00 27.0 51.90 47*2 52.20 39 ,8 60® 45 3 3 .0
17 21 .2 86,20 26,5 70,35 38 ,0 64*50 35 .6 52,50 3 5 .0
18 21.0 86.92 30 .9 70.80 37*3 65*48 34 .3 52®80 3 3 .7
19 21.5 41,00 29,5 70.80 34*0 43.50 35*0 40,00 32 ,3
20 21 .2 39,90 28.3 69.60 34 .0 42.80 38 ,6 39*20 36*2
21 22 .0 38,60 37*8 69o45 36,6 42® 60 38,1 38,20. 3 6 ,4
22 21 .7 35.60 3 1 .7 68.80 37,1 42 .24 39*8 37*00 36,6
23 21.0 35*40 32 ,9 67.59 33*5 41 *0£j. 37o2 36,60 35*4
24 20,3 34.63 38® 8 67,80 34 .0 39*40 3 5 .4 37,10 33.1
25 19.1 39.20 27.6 63,15 27*7 5J.40 26,5 31.58 28,9 35*10 27.6 52.80 24.2
26 ■18.6 3 80 40 23.2 ■63.15 27*1 60,00 27.6 31088 29*6 35*10 28.0 53,40 23*9
27 17*9 101.76 280 3 62.55 41 o0 60,90 36 ,3 32.00 42 © 4 37.30 38 ,0 56.25 31.1
28 18.5 52.20 23 » 2 60o 60 280 3 60.30 27c 1 28,13 30 ,3 37*37 26.9 59.25 2 3*3
29 18.9 28,68 28,0 45.30 30 0 4 45*30 2 9 ,4 25.58 31 © 4 44.10 25,8 33*70 27*0
30 18.8 40 .54  33 .2 64.  j/p 40.1 77.73 33 ©0 66,30 31*8 460 60 34*0 33*60 37 .5
31 1-9.2 34.36 33 .8 59*70 37*5 55*05 35 .5 38,10 3606 39*20 33®6
32 18 .7 57*15 3 3 .8 55 .92 3 7 .4 54* 60 33*4 3&15 36 ,5 39*80 31 ,9
33 18.0 30 .30 24.1 54o45 25*5 51.30 25*6 34.55 260 0 24,12 27,0
34 17® 6 29.1D 21.8 56,10 24*3 51*15 25.3 3 2c 20 25 08 24 .54  26,5
35 1.8.1 93® 80 27® 2 82,88 32 ,2 51.60 36*2 75*43 28,5 72.15 26.9
36 18.0 49. 24 30*3 83.30 33*2 86.40 29 0 7 74.25 28 ,4 54*75 29.3
37 17,5 44.00 24*3 83 c 40 27 0 2 86*40 26,5 79.40 24*4 54.96 25.2
38 17*3 32,33 31 .9 78,30 27.5 83.00 25*9 52,08 27o1 31,13 30*1
39 17*1 41.05 28,7 78o 40 .29 .5 80,00 27.5 45.00 30o7 . 26,46 34 ,7
40 16.9 30 ,38 37*6. 76,  60 28,9 75*00 26,9 31-*20 33*5 25*95 33*5
41 16,8 29.93 28* 5 76,20 27,7 79 c 80 25,7 29*93 51 *9 25*08 310 7
*' 1 5 .8 30.15 3 4 .7  79*20 2j  0  9 50,45 3 0 ,2 25*26 30,1
43 16©4 56,72 23.9 79*20 24.8 84*40 24-0 27.90 29.3
44 16®4 78,40 22 ,2 51 ©72 29*1 18.10 42,5 42 c 40 2 6 ,4
45 16.7 41.10 26*7 51*27 29,6 40*12 ~z.s. 7. 3 t ®.y 43.80 27.1
46 1 5 .4 57,90 3 0 ,4 93*20 29.6 79*60 28o5 60,60 28 .4
47 14*5 59*25 35 .7 56.25 37*8 44* 80 •34® 9 26,85 3 9 .8
48 . 14* 4 23.06 27 .7 37*50 33*1 41* CO 27c 6 30.27 27.6
31.2849 13*9 27.OO 36,1 75*80 29.6 55.50 3 0 .9 51..53 2/»6 30 .98 33*1 30 .3
50 14*4 16.71 21.3 31*95 25.0 26,10 28,9 16446 29,2 24*00 24.3 .18.95 24.8
51 1 5 .0 16*61 24.8 31*58 26,6 25,32 28® 0 16.29 2.8,4 23 ,34 24,2 18.86 24.5
52 13*6 59*25 27.0 7 3 .35 29*7 70 .44 27*7 41 oOQ 30*4 ■39.10 29.9 4 8 .7 0 24*9
53 13*8 32.90 3 5 .5 68,10 29*9 60<>15 30 ,5 36,60 3 4 .2 22* 20 38 .9 30,90 32,1
54 13*3 44.00 31.1 66,30 30® 1 59*53 29.0 38,40 29*9 21.60 36 .5 31 .45 28 ,8
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Experi­
ment
Flame
and
m ___ _ — 4-.- Jb 4
cx e^i1  ^Convect­D istance from "base of tube -  f t . Aver­
1 tmpex’a i/ux’c
Drop (=T’otal\ i ft U S
i-ransitrr d j
Donvection
No. Gas age (Clas Film 1 * *1 I 1 »raaiat - (H/^ rvntr ) ion
Tempi p b p c p O P C2 pcb p<mTempJ » \
L V O 4
B.ThJJ./CD p CD p 0) p CD p cop (Op 0,,0 . °F.
j- Oil j
°C. H -H  O O c+-H0) 0 C+-[—1 0)0 a-H  . fl>-Q c+-H(OO c-H—(DO era - K,osl^/ K.c&Ls/ M i o i y f t .  lx.%b
4 4
H*
4 4 
P
44P . 44If. 44P* 44P- ture hr. h r ,/ft . f t .h r .-*■ I IV) 1 V/J1 •f-J Vn 1 OVi ° G .
1 856 51 44 47 41 34 40 •43 •813 1495 2245 374 2535 1 * 912 738 48 39 40 36 31 37 39 699 1290 1884 314 2390 1 * 8 6
3 783 48 49 48 42 36 44 739 1 3 6 2 1?42 2 9 0 2 2 0 0 1.62
4 8 2 1 51 46 47 43 37 46 45 776 1429 1 7 1 8 286 2165 1.52
5 861 47 55 56 48 40 51 50 811 1492 1987 331 1515 '1.69
6 705 47 47 46 41 35 43 43 662 1223 1839 307 2330 1*91
7 911 62 55 53 45 51 53 858 1576
27i l
645 4900 3*11
8 8 7 8 39 38 37 33 35 36 842 1548 225 1 7 1 0 1o11
9 708 • 44 41 43 38 36 40 668 1234 1463 293 2 2 2 0 1*86
10 846 36 43 47 39 37 40 806 1483 983 197 1495 1.02
11 806 38 45 48 39 37 41 765 1409 1164 233 1770 1.29
12 1006 59 62 55 18 54 56 950 1742 2473- 495 3760 2 . 2 0
13 687 30 37 36 36 35 652 1206 707 177 1345 1.15
14 ' fSS793 30 38 35 38 35 700. 1292 557 139 1055 0 .8 2
13 8 96 56 54 48 45 51 845 1553 1792 448 3400 2.20
16 1013 52 60 53 47 53 960 1760 1656 414 3140 1.83
17 1 0 1 2 53 47 48 46 49 963 1765 1513 378 2870 1.65
18 1024 54 49 50 48 50 974 1785 1528 382 2900 1.65
19 878 44 43 44 42 43 835 1535 1155 289 2200 1.46
20 926 44*'ror 46 50 48 47 879 1614 1*59 290 2200 1.37
21 1074 53 47 49 48 ■ 49 1025 1877 1419 355 2700 1.46
22 1014 49 49 50 48 49 965 1769 1238 309 2350 1.35 .
23 950 46 45 49 47 47 903 1657 1102 275 2090 1.29
24 907 53 44 45 42 46 853 1567 1492 373 2830 1.86
25 703 40 35 35 33 31 35 668 1234 1471 245 1860 1.55
2 6 825 31 36 39 34 32 34 791 1456 1272 212 1610 1 .1 4
27 991 60 54 55 - 49 47 53 938 1720 3038 506 3820 2.30
28 767 37 35 37 33 30 37 : 733 1351 1361 227 1720 1.31
29 767 37 37 37 34 30 32 35 732 1350 1:299 217 1645 1.25
30 938 62 53 55 43 45 50 ' 51 887 1629 2895 483 3670 2.29
31 935 58 50 53 43 46 50 8 8  5 1625 1892 378 2870 1 *80
32 1082 58 48 48 43 44 48 1034 1893 2004 401 3050 1 0 6 5
33 730 31 31 33 29 32 31 699 1290 890 178 1350 1.08
34 8Q6 26 31 33 29 31 30 776 1429 749 150 1140 0 .8 2
35 1082 55 46 52 38 43 47 1035 1895 2212 442 3355 1.81
36 1058 60 48 50 40 45 49 1009 1830 2325 465 3535 1 .9 4
■37 1018 43 38 42 33 36 38 980 1796 1224 245 1860 1.06
38 970 47 38 41 36 39 40 930 1706 1536 307 2330 1.40
39 1092 48 42 45 39 45 44 1048 1918 1813 363 2760 1.47
40 1061 _54 40^ 43 41 43 44 1017 1863 1732 346 2625 1.44
" 41 7959 46 38 40 38 40 40 919 1686 1588 318 2428 1.46
42 997 50 35 37 36 38 39 958 1754 1750 350 1260 1.56
43 1091 36 34 36 39 36 1055 1931 999 250 1900 1 . 0 0
44 989 40 37 47 36 40 949 1740 1160 290 2205 1.29'
45 1015 39 38 41 38 34 981 1798 1022 256 1945 1 . 1 0
46 936 60 45 48 45 5.0 ‘ 886 1627 2185 546 4140 2*62
47' 1082 60 50 50 56 54 1028 1382 2050 512 3900 2.11
48 1000 40 37 36 39 961 1762 926 232 1760 1 . 0 2
49 872 59 43 47 38 40 41 45 827 1521 2563 427 3240 2.18
50 642 25 31 35 30 27 29 30 612 1134 998 166 1260 1.15 i
51 604 28 32 33 29 26 28 29 575 106? 1093 182 1380 1 .3 4  I
52 907 53 45 49 41 38 37 4^ 863 1585 2581 430 3260 2 . 1 0
53 971 54 44 50 43 43 44 46 925 1697 2660 443 3360 1.06 !
54 8?2‘
8 * 1
54 43 46 38 40 38 43 799 1470 2396 399 * 3035 2,10
TABLE 7 -  SI
(Averag
I 4. *pntrain- 
jd a ir
Length
of
visL'ble
flam e
inches
Rate of T ota l Heat Trans f e r Total
E f f ic ­
iency■ -
'€
>rj
ilxo ess  
A ir ■^oaDrJ ^calor.2 *oairr*3
Hme an .D iste
C a ft ./ir* loca ls./ 
mo ^hr*
Krais./ 
m*2 hr.
K.ca3s/ 
m* 2hr<>
K>cals/ 
m.2hr.
K ra is* /O 9
m. h r.
(of net 
c .v . )
3 9
Tube Length L
6 f t .  
5 f t .  
4 f to
339
316
110 
■ 96
46.3
46.3
44® 4
9888
10300
10753
17695
17881
18390
14729
14853
14338
'10588
11042
10836
13205
13514
13699
6oe5 
54® 9 
47.1 -
1030
1110
1024
1065
1185
1096
G-as press ure p
1 /"w.g,
1 ”w. go
i ”w. gc
333
325
325
£4
85
170
51 «0
45® 2 
40 ,9
14544
10568
5850
23278
18911
14338
1^ 7656
15033
11186
13184
11309
7972
17160 
13967 
9311
54.3  
54-8
53.3
1041
1100
1025
1108
1143
1094
J e t  diam, J
0*189" 
0 . 166" 
0 ,1 W
319
324
339
39 
. 8 3  
106
61 *0 
44® 6 
31 *4
14070 
10300 •' 
6592
22837
19096
12484
18540
15326
10053
14008
11186
7251
17366
13937
9103
53*7
55*3
53 .5
1040
1096
1030
1095
1161
1089
Separation  S 4"1"
331
324
106
100
45*4
45*9
12628
7993
17963
18355
14049
15223
10588
11062
13302
13163
5 5 .2  •
5 3 .2
1113
997
1126
1104
me E m iss iv ity Radiation, from the Flame 1 • O a ls ./m
p
. hr. $  Radiant 
EfPioi encj
% Radi 
Eficie 
(100$ 
Out£ 
bas
SS of Tube -  inches Mean-
’Rrni ss*
D istance from Base of Tube -  inches Mean
Radia­
tio n
(l 00%  Heat 
- Input 
b a s is )27 53 39 45 i v i ’ty 3 9 15 21 27 33 39 45
0.076
0.053
0.069
0.071
0.050
O.O63
0.069
0 .054
o.o6q
0.064
0.054
0.058
0.067
0.051
0.063
3049
3420
3418
8240
8734
9146
10506
10794
11000
8817
9023
9558
6963
7004
7581
5686
5521
6015
4573
4244
4820
3750
3378
3873
7375
7457
7910
25,1
25.0
23.6
41«»2 
45*2 
50.2
■
0.080
0.060
0.059
0 .078
0 .055
0.051
0.075
0 .058
0.049
0.071
0.057
0.048
0.072
0.057
0.052
4367
3584
1977
10918
9600
5603
11742
11000
9517
10218
9270
7952
8776
7663
5109
7416
6133
3667
6139
4903
2637
5109
3873
2019
9229
7993
5521
24c 1
25 0 2
24c 4
44* £ 
46.C
460 c
0 .0 8 4
0»062:
0 .052
0 .080
0.060
0 .0 4 4
0.077
0.059
0.046
0.073
0.057
0.045
0.073
0.057
0.050
4285
3337
2266
10135
9641
6345
12236
11866
8199
11701
9970
5768
10341
7622
3584
8734 
6015 
2472 ;
7128 
4697 
1854
5933
3667
1431
10094 
8116 
4532
2b02
26c2
21.3
48. S 
.47o£ 
39.c
0 .0 6 4
0 .063 !
0 .058
0 .0 6 4
0 . 06Q
0.062
/ 0.060 
0.057
0.060
0.060
4985
1607
9558
7869
10588
10959
8487
9806
6716
7663
5274
6221
4244
4862
3543
3790
7622
7540
24*3
24c 8
44.2
46.  s
